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1
CHAPTER I
INTRODUCTION

1-1. Review of Gold Nanoparticles and Applications
Over the last decade there has been increased interest in "nanochemistry". A
variety of supermolecular ensembles, multifunctional supermolecules, carbon nanotubes,
metal and semiconductor nanoparticles have been synthesized and proposed as potential
building blocks of optical and electronic devices.1 This has arisen for a variety of reasons,
metal particles are particularly interesting nanoscale systems because of the ease with
which they can be synthesized and modified chemically. From the standpoint of
understanding their optical and electronic effects, metal nanoparticles can be applied for
optical material and electronic devices.
In the 1990s, the advent of improved synthetic methods for metal nanoparticles,
was bolstered by a report by Brust et al. They have generated a widespread research
effort on the chemical and electronic nature of metallic nanoparticles. There are
tremendous opportunities in the nanoparticle world for chemists to contribute to
understand the diversity to this dimension of matter, bridging small molecules and bulk
materials. Schiffrin and co-workers' contribution was to combine classic two-phase
colloid synthesis with metal-alkanethiolate self-assembled monolayer chemistry to
produce nanoparticles much smaller (<5nm) than traditional colloidal materials.2 We
subsequently named these nanoparticles "monolayer protected clusters"(MPCs). From
the viewpoint of a chemist, the great importance of MPCs, in addition to their small
dimension, is that, owing to the protecting monolayer, they are stable as dry chemicals.
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MPCs resist aggregation of the metal cores when dried to a solvent-free state and can be
repeatedly isolated and redissolved. This crucial feature allows subsequent monolayer
chemical derivatization reactions and characterization steps, which Murray and coworkers have reported " upon in a project aimed at developing a diverse chemistry of
these large, polyfunctional molecules.
MPCs have proven to have a rich electrochemistry and electron transfer chemistry.
Research efforts have focused on three aspects: (a) electronic charging of the electrical
double layer of the MPC core dissolved in electrolyte solutions, (b) electron transfer
dynamics in MPCsfilms,and (c) photoinduced electron transport between semiconductors
and MPCs.
(a) Electronic charging of the MPC Nanoparticles: More recently, the electronic
properties of metal particles have been investigated within the context of decreasing
electronic device size features to the nanoscopic level.6 Applications of individual
particles as computer transistors, electrometers, chemical sensors, and in wireless
electronic logic and memory schemes have been described.
Establishing basic nanoparticle size and surface chemistry electronic function
relationships in these materials are at the forefront of current nanoscale electronics
research. The identification of novel electronic behavior and device applications which
capitalize on quantum effects is expected to follow from fundamental structure function
determinations. These are discussed in more detail below.
One electronic behavior observed in nanoscale objects is single electron tunneling
the correlated transfer of electrons one by one through the object. Single electron
tunneling was first hypothesized in the early 1950s,7 a time when many physicists

pondered how the electronic properties of a material(e.g., a metal wire) would change as
material dimensions were reduced to the micron or nanometer scale. Goiter and others
argued that if the energy provided to charge a metal with a single electron, e/2C (e is
electron charge, C is metal capacitance), was larger than kT; electrons would be forced to
flow through the metal in discrete integer amounts rather than in fluid-like quantities
normally associated with transport in macroscopic materials. Further reasoning led to the
prediction that current-voltage (I-V) curves of a nanoscopic metal should be distinctly
nonohmic; that is, current steps should appear corresponding to the transport of le", 2e~,
3e", etc., currents through the metal (Figure 1-1 (a)).

3
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Evaporated Metal Islands

Figure 1-1. (a) Idealized single electron tunneling /-Fcurve, (b) sandwich
metal/insulator/nanoscopic metal (particle)/insulator/metal(substrate) doubletunnel junction configuration.

In fact, these predictions turned out to be true, although it was not until the late
1980s that well-defined single electron tunneling steps were observed experimentally.
Even then, enthusiasm for single electron devices was tempered by the fact that these
initial experiments were performed on relatively large metal islands (micron sized)
prepared with photolithography or metal evaporation (Figure l-l(b)). Thus, in order to

satisfy the requirement e/2C>kT, it was necessary to cool the microstructures to below 1
K. Herein lies perhaps the greatest obstacle to implementing single electron devices: to
avoid thermally induced tunneling processes at room temperature, the metal island of any
single electron device must be less than 10 nm in diameter.
(b)

I(nA)

Figure 1-2. (a) Single-metal-particle configuration, (b) typical I-Vcurve for
configuration shown in C.
This dimension is difficult to reach with electron beam lithography or scanning probe
microscopies, but is now easily attained by chemists using solution phase nanoparticle
synthesis methods.

%tjpS»K«««$

Figure 1-3. Solution phase configuration for electrochemistry voltammetry
measurements.
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The realization that chemical synthesis is an ideal way to obtain large numbers of
potential nanoscale device components prompted chemists and physicists to initiate
research programs aimed at elucidating the electronic properties of metal particles. Much
of this work has focused on gold and silver particles because synthetic methods for
producing these particles of virtually any size are well developed. Electrical behaviors
have been measured for individual gold particles6 and in two-dimensional nanoparticle
arrays.9
One concern in characterizing electron transport in individual nanoparticles is
particle size dispersity. Since electrical charging behaviors of metal particles depend on
size, any size dispersity will tend to "smear" out individual particle properties.
Monodisperse collections of gold particles have been isolated and addressed
electronically primarily via (i) an STM tip to contact a single particle, or (ii) fractional
crystallization to isolate highly pure samples of size monodisperse particles, followed by
an ensemble average electronic measurement (e.g., electrochemistry, solid-state currentvoltage measurements). In STM experiments, ligand capped nanoparticles are cast onto
metallic substrates and the tip is positioned directly over a single particle to form a
metal(tip)/insulator(ligand)/ nanoscopic metal(particle)/insulator (ligand)/metal(substrate)
double tunnel junction ((Figure l-2(a)). Because gold particles with diameters as small as
ca. 2nm behave as free-electron metals (e.g., contain a continuum of electronic states).
Staircase shaped I-V curves are then expected with voltage plateau widths of
F =

(&-l/2>
C +V
^-2 ^

and current steps of

y

offset
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where Q0 is the charge on the particle, C2 and R2 are the capacitance and resistance,
respectively, of the most resistive junction (typically the particle substrate junction), Cj is
the total particle capacitance, and V0ffset accounts for any initial misalignment in tipparticle or particle-substrate Fermi levels and any charged impurities residing near the
particle. Sample data of the I-V behavior of the system are shown in Figure l-2(b).
Single electron tunneling may also be observed in parallel circuits of gold
nanoparticles, provided particle size dispersity is small. This has been demonstrated in
the solid state by Murray and Heath. Murray's group has observed Coulomb staircase
behavior in parallel arrays, using solution phase electrochemical experiments (Figure 1-3).
Using differential pulse voltammetry, ca. 10 electron charging waves were detected for
1.6nm diameter clusters over a I-V window in 2:1 toluene:acetonitrile. In solution,
charging waves appear at formal potentials given by

(g±l/2)e

0

e,e-i

^PZC

^

„

\l

J

)

where E ^ Q - I is the formal potential of the Q/(Q±1) charge state, E pzc is the potential of
zero charge of the cluster. Equationsl-1, 1-2, 1-3 have been used to determine particle
capacitance and junction resistance experimentally as a function of ligand shell, solvent,
and pH. These studies define the sensitivity of electron transport in metal particles to a
variety of environmental factors; an important consideration given the fact that wiring up
and integrating particles together to form more complex architectures will likely involve
chemical assembly.
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Solvent effects on single electron charging have been explored by using
differential pulse voltammetry. Murray found that formal potentials for successive single
electron charging events are solvent independent when the ligand shell on gold
nanoclusters was a tightly packed monolayer of hexanethiolate. However, Feldheim and
co-workers have found a strong solvent dependence when the capping ligand is a less
densely packed layer of triphenylphosphine. These results suggest that particle
capacitance (charging energy) is influenced strongly by the ability of surrounding
molecules (solvent) to penetrate the ligand shell.
(b) Electron Transfer Dynamics: Nanoscale charge transfer is important to both
the frontier of fundamental science and to applications in molecular electronics including
problems as diverse as sensors, photonics, electrocatalysis, and solar photoconversion.
Progress in the area of nanoscale charge transfer requires interdisciplinary collaboration,
combining a wide range of materials synthesis and characterization, a challenging range
of experimental techniques to probe charge transfer processes.
The experimental measurements used to characterize nanoscale charge transfer
properties

include

rate

constants,

spectroscopy,

and

conductance/resistance

measurements, depending on the nature of the system studied. The donor-bridge-acceptor
classification developed by Ratner10 provides a unifying framework for discussion of a
broad range of nanoscale charge transfer processes (Figure 1-4).

Figure 1-4. Donor-Bridge-Acceptor system.
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A bridge may function as a spacer and may comprise a molecule or a nanoparticle.
Within this framework, the electron transfer is viewed as proceeding from a donor (D) to
an acceptor (A) via a bridge. The donor and/or acceptor may be a molecule or an
electrode. A metal or semiconductor nanoparticle may also serve as donor/acceptor or
bridge.
Electron transfer studies initiated with spectroscopic observations of bimolecular
reactions in solution.11'

n

Very recently, it has become possible to determine the

conductance of a bridge as a single molecule by measuring the current in a metal-bridgemetal assembly.
The rate of electron transfer is determined by the driving force of the reaction and
the coupling between electron donor and acceptor wave functions. The driving force of
the electron transfer is related to the redox potential of the reactants by AG = -AEF,
where AE is the difference between the redox potentials of the two reactants, and F is the
Faraday constant. The rate of the electron transfer can be written as equation 1-41 ' 14 :
kET = AQ exp(-pi?)exp

41

(1-4)

where Ao is a pre-exponential factor, usually taken as 1013s"' for short-range electron
transfer. The first exponential is the electronic coupling element. It takes into account the
overlap of the donor and acceptor wave functions. The coupling and electron transfer rate
decrease exponentially with the increase in distance R, with a coupling decay constant or
damping factor /?. Decay constant (fi) is a measure of the effectiveness of the intervening
media in coupling the donor and the acceptor. A plot of InkET versus distance gives a
straight line, the slope being -/? (Figure 1-5).

9

Distance(A)
Figure 1-5. Distance dependence of electron transfer rates: A plot of lnkeT vs.
distance(A) gives a straight line, the slope being -/?.

Electrochemical measurements on self-assembled monolayers "doped" with
redox-active species such as ferrocene (Figure 1-6) have contributed powerfully to the
knowledge of nanometer scale tunneling processes. The interfacial electron transfer
processes studied involve a metal electrode and a molecular self-assembled monolayers,
typically composed of thiols bound to gold. The exponential distance dependence of ket
has been demonstrated for organic thiols as a function of length and the nature of the
bridge (e.g., alkane vs. aromatic), yielding results similar to those inferred from
homogeneous electron transfer. For alkanes, /? lies in the range 0.9-1.3 per A,12 for
oligophenylene, fi is smaller, 0.4-0.5 per A.15
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Au

Figure 1-6. Self-assembled monolayer of ferrocene "doped" Co thiol on a gold electrode.

A complex bandstructure approach has recently proven valuable in interpreting
the conductances of alkane dithiol bridging a gold electrode. They represent the quantum
tunneling states, which are vehicles of electron transport through a barrier such as a thin
oxide layer or a molecule. Plots of the band energy as a function of the distance decay
coefficient /? are used to determine which bands have sufficiently small values of /? to be
effective in long-range transfer. For alkane, alkene, and benzene chains the results were
obtained 16 as follows

•^O—^O— °-27
The form of the complex bandstructure clearly elucidates the molecule length
dependence of the tunneling current.
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Metal nanoparticles and nanoparticle arrays comprise other nanoscale systems in
which fixed ionic sites may effect charge transport. Metal nanoparticles can transport
charge by a hopping mechanism involving transient charging of the nanoparticle (treating
the particle as a nanoscale capacitor)17,18 and/or by a metal-like transport mechanism
involving significant electron derealization among the particles.19 Particle size and
spacing, the dielectric properties of the medium in which the particles are immersed, and
the presence of free ions (electrolyte) in the local medium will be crucial to the behavior
of such materials. A unified picture of charge transport in such materials has not yet
emerged, and the development of such a picture constitutes another significant
opportunity in the area of nanoscale charge transfer.
(c)Photoinduced Electron Transport: Photoexcited semiconductor nanoparticles
are known as an electron donor. The exited electron in semiconductor transfers to another
acceptor molecule or metal nanoparticles. The demonstration of semiconductor particle
mediated electron transfer between donor and acceptor molecules bound to its surface
was demonstrated by Kamat and co-workers. The nonmetallic property of ultrasmall
metallic particles can also be utilized to capture electrons from an excited sensitizer and
thus mediate a photoinduced electron transfer process.
In polar solvents, pyrene-linked Au nanoparticles (Py-Ri-S-Au) exhibit noticeably
lower yields compared to unbound pyrene thiol (Py-Ri-SH).

Transient absorption

experiments using pulsed laser irradiation (337 nm) of Py-Rl-S-Au nanoparticle, in polar
solvents such as tetrahydrofuran or acetonitrile confirm the electron transfer between
gold nanoparticle and pyrene (Figure 1-7). The charge separated states in Py-Ri-S-Au
assemblies are fairly long-lived as indicated by the longer lifetime of the pyrene cation
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radical

(4.5JUS).

These observations demonstrate the ability of gold nanoparticles as

electron acceptors.

Figure 1-7. Scheme of deactivation of excited surface-bound pyrene a) before and b)
after charging the gold nanocore.21

To electron transfer study, the photoinduced electron transfer pathway in
chlorophyll a bound gold nanoparticles was also confirmed from the electrochemical
modulation of electron acceptor AuMPCs charge energy.21 In the absence of an applied
bias, chlorophyll a cast on gold particulate films, as a result of electron transfer, exhibits
a very weak fluorescence emission. However, upon negatively charging the gold
nanocore by external bias, the fluorescence intensity increases. Charging the gold
nanoparticles increases the energy barrier and thus suppresses direct electron transfer.
This suppressed electron transfer pathway at negative bias increases in radiative process.
In addition to this indirect evidence for the electron transfer between excited chlorophyll
a and gold nanoparticles, direct evidence for electron transfer was also obtained using
nanosecond laser flash experiments. Taking advantage of these properties of gold
nanoparticles, a photoelectrochemical cell based on Chla and gold nanoparticles has been
constructed.

13
The examples discussed above show the ability of gold nanoparticles to accept
electrons from excited chromophores. Such a photoinduced electron transfer process
occurs only with small size (< 5nm diameter) particles. The unique electron storage
property of gold nanoparticles are yet to be explored fully for facilitating charge
separation and charge transport in light harvesting systems.
For the electron transport between photoactive semiconductor (donor) and
AuMPCs (acceptor), a semiconductor demonstrates the following processes on
photoillumination. Light of energy greater than the bandgap of the semiconductor excite
the electrons from the valence band to the conduction band leaving behind a hole in the
valence band. TiC>2, for example, is a large bandgap semiconductor and hence produces
e/h pairs on illumination with UV light. (Equation 1-5)
Ti02 + hv ->Ti02(e + h)

(1-5)

The highest energy band occupied electrons can transfer to lower energy level of
AuMPCs. The photoexited charges could be accumulated in AuMPCs until Fermi level
equilibration between semiconductor and AuMPCs as shown in Figure 1-8.

Figure 1-8. Charge transfer (CT) pathways and Fermi level equilibration between
photoexcited Ti02 (EF*) and MPC (E?) nanoparticles. The curved arrow
denotes lifting of E? upon charge transfer to MPC core.
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The AuMPCs mediated semiconductor assisted photocatalyst can be used for
dechlorination of organic compound.

1-2. Overview of Following Chapters
This thesis covers synthesis, electrochemical, optical properties, and applications
of monolayer protected gold nanoparticles. Chapter 2 describes the modified BrustSchiffrin synthetic method for various core sizes of hexanethiol monolayer protected gold
nanoparticles, size-selective isolation method, and characterization size dependent
properties using electrochemical analysis and other techniques.
In chapter 3, a new electrochemical method is described to investigate the
dynamics of lateral electron transfer in Langmuir monolayers at the air/water interface.
The electron transfer dynamics between nanoparticles was studied as a function of
interparticle distance by in-situ horizontal touch voltammetry (HTV) of well-defined
dithiol linked AuMPCs monolayers and surfactant stabilized AuMPCs composite
monolayers. The strategy to design Au nanoparticle Langmuir monolayers and their
physical properties and electron transfer dynamics, pathways are discussed.
In chapter 4, the charge transfer and equilibration between photoexcited Ti02(e")
and AuMPC have been probed to elucidate photocatalytic activity with different AuMPC
core sizes. To probe the charge transfer efficiency by the tuning energy level of acceptor,
AuMPCs were chemically oxidized to Au MPCs. The oxidized Au MPCs in the same
core sizes resulted in greater photocatalytic reduction efficiencies than neutral AuMPCs.
Chapter 5 deals with the photocatalytic decomposition of TCE monitored using
well defined AuMPCs. The TON was calculated based on the remaining concentration of

15
TCE by GC/MS with internal standard to compare size dependent catalytic activity of
AuMPCs. The increase in TON for TCE decomposition is more dramatic for
Au4033MPC(4.9nm) than smaller core sized AuMPCs, indicating that the photoreduction
catalytic activity depends on the size of AuMPCs. These results indicate that the
photocatalytic activity may be enhanced by larger core AuMPCs mediated systems due to
the multi electron transfer for TCE reduction reaction.
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CHAPTER II
PREPARATION OF LIGAND STABILIZED GOLD
NANOPARTICLES

2-1. Introduction to Monolayer Protected Metal Clusters (MPCs)
2-1-1. Introduction
Over the last two decades there has been extensive interest in the fundamental
understanding and applications of nanosized materials and nanoscale devices.
Properties of nanometer-sized metal particles, especially those that are protected by a
monolayer coating of thiolate ligands, called 'Monolayer Protected Clusters' (MPCs),
are of intensive multidisciplinary interest for their potential applications in catalysis
and electronics and their significance in fundamental research.1 The nanometer size
materials, such as metal nanoparticles and semiconductor quantum dots, are at the
transition state between molecules and bulk materials. The nanoscale dimension
places MPCs at this transition state, which results in unique, size dependent quantum
physical properties.2"4 The dense monolayer of ligands protects MPCs against
aggregation even when solvent is removed, enabling their isolation, purification,
derivatization, and further analytical characterization.5
In this chapter, the preparation and properties of monolayer protected gold
nanoparticles will be discussed.
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2-1-2. Two-Phase Synthesis of MPCs: Brust-Schiffrin Synthesis
Pioneering work by Brust and Schiffrin produced MPCs surrounded by a
monolayer of alkanethiol ligands and having an average core diameter of 1-5 nm.6
This simple synthetic procedure begins with an aqueous solution of a gold salt (Aum)
that is transferred from the aqueous to the organic phase by a phase transfer reagent
(normally a tetraalkylammonium salt, e.g. OctjNBr). An alkanethiol is then added,
which reduces Aum to Au1 and forms a gold-thiolate ((Au-SR)n) polymeric species.
Upon the addition of a reducing agent (e.g. NaBELt), the organic phase immediately
turns into black color which indicates the Au1 thiolate is reduced to Au°. Au° atoms
nucleate to form gold cores while the thiolates in the solution bind to and passivate
the core surface. The gold nanoparticles form as described in Figure 2-1.
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Figure 2-1. Scheme of Brust-Schiffrin synthesis.

20

The organic phase is separated from water and solvent is removed by rotary
evaporation. Some solvents, such as acetonitrile, ethanol, or acetone are added to the
product to wash off impurities and precipitate the MPCs as well.
The Brust-Schiffrin synthesis usually produces polydisperse MPCs in core
size. By adjusting the initial feed ratio of thiol/gold and the reduction temperature, the
core size distribution can be roughly tuned. Larger thiol/gold precursor feed ratio, and
lower temperature lead to larger portions of smaller (< 2 nm) size MPCs.7 Etching
procedures, described by Whetten and coworkers8, have been successful in decreasing
MPC core sizes. Annealing reactions have been used to improve monodispersity of
AUHO clusters bearing

hexanethiolate monolayer and increasing MPC core sizes.9'10

Recently, Hutchison and coworkers prepared alkanethiolate-protected Aun
by replacing the triphenylphosphine ligand of a preformed Aun core." Alkanethiolate
protected Au75MPCs were also obtained by reacting "Au55(PPh3)i2Cl6" with different
alkane thiols.12
2-1-3. Determination of Number of Gold Core Atoms
With nano-size metal clusters, a small change of a nanoparticle core size and
structure can lead to dramatic changes in the electronic and optical properties.13'14
There is of great importance in determining core atom numbers and configurations.
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Most metals in the solid state form close-packed lattices; thus Ag, Al, Au, Co, Cu, Pb,
Pt are face-centered-cubic(FCC). Figure 2-2 shows the 12 neighbors that surround an
atom (darkened circle) located in the center of a cube for a FCC lattice.

Figure 2-2. Face-centered cubic unit cell showing the 12 nearest-neighbor atoms that
surround the atom (darkened circle) in the center.

These 13 atoms constitute the smallest theoretical nanoparticle for the FCC lattice.
Larger nanoparticles with the same shape are obtained by adding more layers. The
sequence of numbers in the resulting particles, N = 1, 13, 55,147, 309,..., which are
called structural magic numbers. For n layers the number of atoms N in this FCC
nanoparticle is given by the equation 2-1.
JV = - [ 1 0 « 3 - 1 5 « 2 + 1 1 M - 3 ]

(2-1)

And the number of atoms on the surface NTOr/is
Nsurf=\0n2-20n

+ \2

(2-2)
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With all this interest in gold particles the structure of a thiol-protected gold
nanoparticle had yet to be unambiguously determined. But electron microscopy15,
powder x-ray diffraction
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and theoretical studies17 have led to the idea that gold

nanoparticles would adopt closed geometric shells with crystalline packing. This leads
to defined core sizes such that the gold clusters would have a discrete number of
atoms representing closed geometric shells.18
Whetten et. al. showed, through atomistic modeling and x-ray powder
diffraction analysis, that many of the MPC gold cores, including

AUHO

and AU225,

prefer the truncated octahedral (TO) shells.19
While theoretical studies of gold clusters have been well documented,
several other analytical techniques showed promise in the determination of precise
cluster core stoichiometry and structure20. One such technique is mass spectrometry,
both with matrix-assisted laser desorption ionization (MALDI) and electrospray
ionization (ESI).21"24 Despite the fact that mass spectrometry is emerging as a valuable
technique in core size determination, the analysis has several difficulties to overcome,
which includes resolving multiple core sizes in polydisperse samples. Another
promising new technique, quantitative high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), is being employed by Nuzzo et.
al. to determine atomic compositions and monodispersity of monolayer protected gold
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clusters.25 HAADFSTEM has the ability to provide both images as well as atom
counts of individual monolayer protected clusters with sub-nanometer gold cores.
In this work, all the core sizes of gold MPCs are measured by TEM and the
numbers of atoms calculated were based on the truncated octahedral shell structure.
2-1-4. Analysis of MPC Monolayer
The average number of ligands surrounding the MPC core has been
determined using elemental analysis, X-ray photoelectron spectroscopy (XPS),26
thermogravimetric analysis (TGA),27'28 Infrared spectroscopy (IR),28'29 and mass
spectrometry (MS).29'30 IR provides information about the chain orientations, as well
as information about the functionality of a ligand. TGA and MS analysis of the MPC
give information about the MPC composition released from the MPC core upon
exposure to increased temperature, and the type of thiolate attached to the MPC core.
NMR spectroscopy is particularly informative about the structure and content
of MPC monolayers/"^ 'H and "C NMR resonances of MPC monolayers are
characteristically broadened relative to those of free alkanethiols. The broadening is
related to the distance between the cluster core and the methylenes, and the
distribution of chemical shifts causes by differences in the Au-SR binding sites.
2-1-5. MPC Polydispersity and Separation
It is important to note here the unfortunate limitation of the Brust synthetic
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protocol - its inability to produce MPCs with single core size. For example, while the
average core diameter of Aui40(SC6)53 is 1.6 nm, a typical sample contains particles in
the size range of 1-3 nm. Various methods including centrifugation31 and solvent
fractionation32'33 have been employed to more finely separate the final product into its
constituent sizes. Their degree of monodispersity and core size distributions are
sensitive to the details of the synthesis procedure.20 Since chemical and physical
properties of AuMPCs are quite size-dependent, producing monodisperse MPCs with
controlled core size has become an important issue in current research. Two strategies
have been developed. One focuses on the modifications of synthetic procedures such
as heating,34 etching8, annealing9' 10, and vapor treatment35. Although important
improvements have been made, the detailed mechanism is not clear, and the processes
are either hard to control or achieve reproducibility.
The other approach focuses on the separation and isolation of more
monodisperse MPCs using gel electrophoresis36'37, capillary electrophoresis38,39, size
exclusion chromatography (SEC)40, ion-exchange chromatography (IEC)41, ion-pair42
and reversed-phase chromatography43, ultracentrifugation, molecular imprinting44,
and solubility fraction32. Gel electrophoresis and capillary electrophoresis are usually
used to separate water soluble MPCs, such as Tiopronin MPCs and Glutathioneprotected MPCs36,37. Chromatographic separations have advantages but carry certain
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disadvantages, including irreversible adsorption by SEC column packing materials,
and the inapplicability of IEC and ion pair chromatography to neutral nanoparticles.
SEC is good for separation of larger nanoparticles but reversed phase HPLC is better
for 1-2 nm nanoparticles due to its high resolving power. However, chromatographic
separation of MPCs is complicated by number of factors such as core size, core
charge state, type of ligands and ligand heterogeneity.
On the other hand, originally introduced by the Whetten group, solvent
fractionation is of great importance in isolating larger quantities of monodisperse
hexanethiolate-coated

AUMO

cluster32 (i.e. Aui4o(SC6)s3) and phenylethanethiolate-

coated AU38 cluster45 (i.e. Au3g(SC2Ph)24). Fractionated MPCs can then be subjected
to mass spectrometry, optical, and electrochemical measurements to gain better
understanding of their core size, optical and electronic properties.46"51
2-1-6. Electrochemistry of Monolayer Protected Gold Nanoparticles
Single electron transfer (SET) properties of nanoparticle structures have been
known for some time, often under the experimental heading of "Coulomb staircase"
behavior.52'53 A Coulomb staircase experiment is classically conducted at reduced
temperature, on single nanoparticles, using a scanning tunneling microscopy (STM)
form of contact. The electron transfer between electron source and nanoparticles
displays the staircase like I-V characteristic as shown in Figure 2-3(a). The transfer of
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a single electron from the source to the nanoparticles will create a potential barrier of
g

—. There would be no current until the external bias voltage exceeds this value. The
2e 3e
consecutive electron transitions will occur at bias voltages of —,—, and so forth.
C C
Thus, a staircase-like I-V characteristic is a typical single electron transfer
phenomenon.
Murray and co-workers reported that freely diffusing alkanethiolate-MPCs in
electrolyte solutions should have well-defined electrical double-layer capacitances,
which might be small enough to exhibit Coulomb staircase-like properties when
charged by a working electrode.50'53'54 The double-layer property is actually the
more fundamental aspect of the phenomenon in electrochemistry, and since doublelayer concepts are well established in electrolyte solution chemistry, the "quantized
double layer charging" (QDL) term is used to describe the SET charging of MPC
nanoparticles.
When an MPC is diffusionally transported to a potentiostatted working
electrode/electrolyte interface, electron transfers occur to equilibrate the Fermi level
of the MPC metallic core with that of the working electrode. The resulting current
flow can be measured as depicted in Figure 2-3.
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Figure 2-3. Scheme of (a) Single electron transfer I-V characteristic, (b) quantized
double layer (QDL) charging of neutral MPCs in electrochemical
measurement.

The electronic charging (i.e., gain/loss of electrons) of the MPC core leads to formation
of an ionic space-charge layer, or electrochemical double layer, around the MPC. For
sufficiently small MPCs, the associated electrical capacitance

(CCLU)

per MPC is very

small (subattofarad (aF)). So a SET causes a substantial and measurable change in the
MPC potential, A V = [e/Ccw], where e is the electronic charge. Since A V > foT (where
fo is the Boltzmann constant, 1.38 x 10"23 J/K, and T is absolute temperature), sequential
SET reactions between the working electrode and MPCs occur at potential intervals (AV)
that are well separated (i.e., resolvable) on the working electrode potential axis. For
nanoparticles of large size (or

CCLU),

the separation of SET peaks is unresolved whether

they are monodisperse or not because A V < foT. QDL is not seen on ordinary working
electrodes, again for the same reason;
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their capacitance is too large and thus the separation between consecutive SET peaks
is too small.
On the other hand, if the MPC metal core contains a sufficiently small
number of Au (or other element) atoms, it will develop molecule-like properties.
These properties would include a HOMO-LUMO gap (i.e., band gap) that can be
detected optically and electrochemically.13'
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The electrochemical band gap is

manifested as a large separation between the initial oxidation and reduction, relative
to the potential at which the MPC is uncharged (e.g., MPC potential of zero charge, or
Epzc)Figure 2-4 shows electrochemical ensemble Coulomb staircase behavior for
the sub-attofarad double layer of varied core size MPCs in the electrolyte solution
using differential pulse voltammograms (DPV). Since currents for quantized charging
steps are controlled by diffusion of the MPCs in solution to the electrode (Figure 23(b)), their voltammetry can be described with classical combination of Nernstian and
Fickian relationships.51 The basic analysis is that the distribution of electrons between
the working electrode and the MPCs is determined by the potential applied to the
working electrode, the potential of the MPC, and the capacitance (CCw) of an
individual MPC. A mixture of MPC particles having a charge z and z-1 in a solution
compromise a mixed valent solution of a redox couple with a formal potential, E°ZjZ.i,
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which is

o^

z —

F"

=F

+

(2-3)

C

where £/>zc is the potential of zero charge, z is the number of electronic charges on the
particle, and e is the electronic charge (1.602 x 10"19 C). A single electron transfer
between the working electrode and the MPC diffusing, can only occur at potential
intervals AV= e/Ccw, where e is the electronic charge. When AV > kbT, (kb is the
Boltzman constant, 1.38 xlO"23 J/K, and T is the absolute temperature) these potential
intervals are well resolved in voltammetry (Figure 2-4) and will have slightly different
values depending on core size.
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Figure 2-4. Differential pulse voltammetry (DPV) of Au^oMPCs (Blue) and AU309MPCS
(Red) in 0.1 M BU4NCIO4/CH2CI2.

After use of Equation 2-3 in obtaining Ccw from electrochemical measurements,
we can calculate the approximate size of the cluster core (Eq. 2-4). The capacitance of a
spherical nanoparticle passivated by a monolayer can be
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expressed as a concentric sphere (Figure 2-5):
Ccw = Aiw ^ ^ —

r

a

= 4TI6S0 Ur

+ d)

(2-4)

a

Conducting
medium
Dielectric

Metal
Figure 2-5. Concentric sphere capacitor model of a Gold MPC.
where eo is the permittivity of free space, Acw the surface area of the MPC, r radius
of the MPCs core, s dielectric constant, and d the thickness of the protecting dielectric
.50, 54

monolayer. •

The change in core capacitance between different core sizes is

approximately Equation 2-4 until when a sufficiently small core size is reached.
Fractionation of the MPCs lowers the core size polydispersity and is essential
in producing samples with well-defined DPV charging properties for specific
electrochemical studies on individual isolated sizes of MPCs.
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2-1-7. Optical Property of Monolayer Protected Gold Nanoparticles
The electronic and optical properties of nanoparticles are determined by both
their size and shape.47'55"59 Metal nanoparticles have mainly been studied because of their
unique optical properties.55' 56' 59 Nanoparticle colloidal solutions of the noble metals
copper, silver, and gold show a very intense color, which is absent in the bulk material as
well as for the individual atoms. Their origin is attributed to the collective oscillation of
the free conduction electrons induced by the dipole oscillations of the free electrons with
respect to the ionic core of a spherical nanoparticle. A net charge difference is shown on
the nanoparticle surface during interaction with an electric field. This results in a
polarization of the electrons with respect to the ionic core of a nanoparticle (Figure 2-6).
These resonances are also denoted as surface plasmons.
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Figure 2-6. Scheme of surface plasmon absorption of spherical nanoparticles
illustrating the excitation of the dipole surface plasmon oscillation.

Mie was the first to explain the surface plasmon resonance behavior of the
spherical metal nanoparticles.60 He solved Maxwell's equation for a small sphere in
electromagnetic field. For nanoparticles much smaller than the wavelength of incident
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light (r < lOnm), only the dipole oscillation (L=l) contributes significantly to the
extinction cross section and thus Mie's theory is reduced to the following equation:

c^)

= 9^V
c

m

^4

j

(2-5)

[EI(O)) + 2 E J 2 + S 2 ( ( O ) 2

where V is the particle volume, co is the angular frequency of the exciting light, c is
the speed of light, and sm is the frequency independent dielectric constant of the
surrounding medium and e(co) = si(cy) + ie2(t») is the dielectric constant of the metal.
If e2 is small or weakly dependent on co, the approximate resonance condition is e,\(<o)
= -2. But for larger nanoparticles, the light cannot polarize the nanoparticles
homogeneously and retardation effects lead to the excitation of higher-order modes.46
From equation 2-5, it can be seen that the peak intensity and position of the
surface plasmon absorption band is dependent on the size and shape of the metal
nanoparticles as well as the dielectric constant of the medium surrounding them.61 As
the size increases, the absorption maximum is slightly red shifted (Figure 2-7). The
bandwidth also changes when the size changes. Link and El-Sayed 62 have shown that
the bandwidth decreases with the increase of the nanoparticles size when the
nanoparticles are less than 20nm in diameter (Figure 2-7). The bandwidth increases
with the increase of the nanoparticle size when the nanoparticles are larger than 20nm.
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He also found that the absorption coefficient is linearly dependent on the volume of
the nanoparticles which is in agreement with the Mie theory.60 Strong absorption band
around 520 nm in the spectrum is the origin of the observed red color of the
nanoparticle solution.62

Figure 2-7. Typical surface plasmon absorption spectrum of spherical nanoparticles.'
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2-1-8. Experimental Section
Chemicals. Hydrogen tetrachloroaurate trihydrate (HAuCU^FfeO reagent
grade) and 1-butanethiol (99%), 1-hexanethiol (98%), 1-octanethiol (98.5%), 1decanethiol (98%), 1-dodecanethiol (98%), tetraoctylammonium bromide (Ocl^NBr,
98%), sodium borohydride (NaBH4, 99%) were used as received from Aldrich.
HPLC-grade toluene, acetone, absolute ethanol, acetonitrile, dichloromethane,
dimethyl sulfoxide (DMSO), dichloromethane and tetra-butylammonium perchlorates
(Bu4NC104, Fluka) were purchased from Aldrich and used as received. Water was
purified using a Millipore Milli-Q system (18.2 MQ-cm).
Synthesis of MPCs. MPCs were prepared as described in section 2-1-2. For
the preparation of Aui40(SC6)53, to a vigorously stirred solution of 3.60g (6.58mmol)
of OcttNBr in 160ml of toluene was added 2.0g (5.08mmol) HAuCl4-3H20 in 40ml of
Milli-Q water. The water phase turned colorless from yellow, and the toluene solution
became dark red as AuCU" was transferred into it. The aqueous phase was removed,
and a 3-fold molar excess of hexanethiol 2.15ml (15.24mmol) relative to gold was
added to the isolated organic phase which was then stirred for 60 minutes in an ice
bath. Reduction to a dark solution was accomplished-while rapidly stirring at 0°C-by
quickly adding 40ml of Milli-Q water containing 1.94g (51.3mmol) of NaBHU.
Stirring was continued for 30 minutes; the organic phase was then collected and the
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solvent removed by a rotary evaporator at room temperature. The black product was
suspended in an organic solvent (e.g. acetonitrile, ethanol). Using a glass frit, the
product was collected and cleaned by organic non-solvents.
Measurements. Electrochemical Measurements: Voltammetry was done with
an Electrochemical workstation, CH instruments, Inc., Model 660B, in 0.1 M
BU4NCIO4 in CH2CI2 solutions that were degassed by high-purity Ar gas for the
experiment. The 3-electrode probe was polished with a 0.05 urn AI2O3 slurry and
cleaned electrochemically by potential cycling in 0.1 M H2SO4 solution. Cyclic
voltammetry(CV) was done at a scan rate of 50 mV/s. Differential pulse voltammetry
(DPV) was done with potential steps of 4 mV, square wave amplitude of 25 mV,
square wave frequency of 15s"1, and quiet time of 10s. Square wave voltammetry
(SWV) was done with potential steps of 4 mV, square wave amplitude of 25 mV,
square wave frequency of 15s"1, and quiet time of 10s. To compare results, the
voltammetry was taken at lower temperature (-76°C), which enhances the quantized
double layer (QDL) charging peak resolution. SWV scans are faster and offer
somewhat improved sensitivity over differential pulse voltammetry (DPV). The SWV
voltammograms were taken for freshly prepared solutions and were recorded with
both positive and negative potential scans, and values of peak potentials from the two
scans were averaged to eliminate iR effects. Sublimed ferrocene (Fc) was added as an
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internal reference for AgQRE. In this work, potentials are reported versus Ag QRE or
Fc/Fc+.
UV-Vis spectroscopy: Optical absorbance spectra were collected with a
Perkin-Elmer spectrometer (Lambda 40). The spectra were collected over a range of
300-1100 nm. MPC solutions in toluene were freshly prepared before each
measurement. All spectra have been normalized with respect to the UV-Vis
absorbance at 300nm of each spectrum.
LC/Mass spectra: Mass spectra of extracted reaction impurities were obtained
using positive/negative ion electrospray mass spectrometry on a Q-TOF Ultima
(Waters) or a LCMS-2010EV (Shimadzu) HPLC/mass spectrometer.
Transmission Electron Microscopy (TEM): TEM images of MPC samples
were obtained with a JEOL transmission electron microscope (JEM-1230, JEOL2010). MPC

samples were prepared

by quickly

dipping/withdrawing

a

Formvar/carbon-coated copper grid (01814F, Ted Pella) in 1 mg/mL MPC in CH2CI2
and drying in air for at least 1 h before imaging. Three typical regions of each sample
were imaged at 500K or 600K-magnification. Core-size histograms were read from
digitized

photographic

images

using

Scion

Image

(www.scioncorp.com). Values were confirmed by manual reading.

Alpha

4.0.3.2
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2-2. Preparation of Hexanethiolate AuMPCs: Core Diameter from 1.7 to 4.9nm
2-2-1. Synthetic Factors Controlling Core Size Distribution
It is well known that Brust and co-workers initiated thiol derivatization of
gold nanoparticles surface effectively through two-phase transfer reaction method as
described in section 2-1-2. Since our current concern is the synthetic control of MPC
core size, this section describes the preparation and isolation in different core size of
AuMPCs by using varied surfactant : thiol ratios and synthetic temperature
controllable factors.
Surfactant Thiol Ratio: Micrometer-sized crystals grown in the presence of an
organic additive (e.g. a surfactant) that preferentially binds to a certain set of
crystalline faces will have a morphology that expresses these faces.64 The organic
additives lower the free energy of the crystalline faces to which they bind and retard
the growth of those faces; these interactions control the resulting morphologies of the
crystals by selecting the crystalline planes that are expressed at the surface of the
crystal. The same principles may apply at the nanometer-scale, where the differential
binding of surfactants to selected crystalline faces and polymorphs has been shown to
influence the size, shape, and polymorphism of nanocrystals.65"68 The ratio of
alkanethiol to HAuCU controls the size of the resulting nanoparticles by adjusting the
relative rates of particle nucleation and growth (higher ratios yield smaller particles).14'
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Methods of forming gold nanoparticles in the presence of thiols can only be used to

form small (<5 nm in diameter) particles. The formation of particles with diameters
>5 nm requires the use of surfactants that have a faster desorption rate than thiols (e.g.
phosphines and cetyltrimethylammonium bromide (CTAB) or stabilization by
electrostatic charges (citric acid synthesis)).70'
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These larger particles can be

functionalized with thiols via "ligand-exchange" methods to displace the weakly
bound surfactants.
Temperature: Formation of self assembled monolayers (SAMs) nanoparticles
at temperatures above 25 °C can improve the kinetics of formation of nanoaprticles
and it also can lead to longer nucleation process in the reaction resulting in larger core
size nanoparticles. Elevated temperatures increase the rate of desorption for
adventitious materials and solvent molecules physical adsorbed on the surface of the
substrate. It enables the system to cross activation barriers for processes such as
lateral rearrangements of the adsorbates more easily than at room temperature. Uosaki
and co-workers suggest that the effect of temperature is particularly relevant during
the first few minutes of the formation of a SAM when most of the adsorption and
reorganization of the SAM is taking place.72
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2-2-2. Preparation and Isolation of MPCs by Solvent Fractionation Method
The AuMPCs core size distribution depends on the nucleation and growth
reaction steps in the Brust-Schiffrin synthetic method. The nucleation step is the most
crucial step in nanoparticle synthesis because nucleation needs to occur in a short time
to obtain small particles at lower temperatures. If the nucleation process take a long
time, it is most likely that larger particles will be formed. The reason for this is that if
the nucleation at different sites grow at differing durations nucleation will overlap
with growth. The second step in the sequence is the growth step, which is complete
when the reagent is consumed and stable MPCs are formed. The growth of the
nanoparticle can also be quenched by cooling the reaction or/and removing reactants
from a reaction chamber. Another critical aspect of the synthesis is the passivation of
the surface. Passivation of the surface helps control the size of the particles and can be
achieved by using molecules (i.e. alkanethiols) to coordinate or bond to the surface of
the nanoparticle by acting as a cap. Most capping reagents can prevent further growth
or aggregation.
AuMPCs with core diameters ranging from 1.7nm to 4.9nm core diameter
were prepared from various thiol: Au(III) precursor feed ratios such as 3:1, 2:1, and
1:1 at 0°C, and room temperature, with reduction using NaBH4 for an hour. As shown
in Figure 2-8(a),(b), as-prepared AuMPCs in the diameter core size 4.2nm and 3.7nm

40

were obtained from 1:1 and 2:1 thiol excess ratio respectively at room temperature.
The 3:1 thiol to Au(III) feeding ratio produced 2.4nm and 2.0nm as-prepared
AuMPCs core size at room temperature, and 0°C respectively. As mentioned earlier
the core size distribution of AuMPCs depends on the nucleation and growth reaction
steps. Also it depends on the NaBtLt reduction reaction temperature, and in-coming
thiol ligand ratio to Au(III) precursor. As-prepared AuMPCs were washed
subsequently with non-solvents such as dimethylsulfoxide and/or acetonitrile to
remove unreacted reagents and impurities. The monodisperse AuMPCs were then
isolated from the as-prepared AuMPCs by a solvent fractionation method using
solvent and non-solvent mixture.
The choice of a solvent to remove impurities or to achieve selective-core size
precipitation is complex and poorly understood. There could be some reasons in terms
of the reaction conditions and solubility of as-prepared AuMPCs. The reduction
reaction in the Brust-Schiffrin method occurs at the interface between the immiscible
organic and aqueous solution phase (Figure 2-1). The interfacial reducing reaction
will not be always reproducible; this reaction step may be one of the reasons for the
monodispersity and reproducibility in the method.
In order to control the as-prepared AuMPCs core size distribution, we
employed different in-coming alkanethiol ligand ratios to Au(III) precursor.
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Figure 2-8. TEM images of (a) 1:1 ratio as-prepared AuMPCs (4.2±0.7nm), scale bar =
50nm, (b) 1:2 ratio as-prepared AuMPCs (3.7±0.4nm), scale bar = 50nm, (c)
1:3 ratio as-prepared AuMPCs (2.4±0.4nm), scale bar = 5nm,and (d) 1:3
ratio as-prepared AuMPCs at 0°C (2.0±0.4nm), scale bar = 5nm.
Insets in the right corner of each image show corresponding core diameter
histograms. Scale bar = 50nm.
The different ratios of alkanethiol ligand in the as-prepared AuMPCs could give different
solubility because the alkanethiol ligand not only chemically bonds to the surface of
nanoparticle to prevent particle growth but also gets physically adsorbed on the
nanoparticle surface because of the hydrophobic alkane chain interactions. It must be
noted that the physically adsorbed alkanethiol could change the solubility of
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AuMPCs.
"Size-selective" precipitation is a common method to isolate "monodisperse"
nanoparticles. This method is based on the size-dependent solubility of the
nanoparticles which can be used to destabilize the dispersion of the nanoparticle. To
improve the size distribution, we suggest that the monodisperse MPCs can be
achieved by adding the as-prepared AuMPCs solution to a non-solvent and heating
the mixture to yield more uniform as-prepared nanoparticle core sizes.
In general cleaning procedures, polar solvents such as acetonitrileCCFhCN),
ethanol(C2HsOH), and dimethyl sulfoxide ((CH3)2SO, DMSO) remove impurities
from as-prepared AuMPCs. Acetone(C3H60) or ethanol(C2H5OH) solvents were used
to isolate core size range from 1.6nm to 4.9nm diameter AuMPCs from as-prepared
AuMPCs. In section 2-3, studies on this topic have led to some qualitative
understanding of how to selectively remove impurities and how the size-selective
precipitation method can affect monodisperse 1.1 nm core size MPCs isolation from as
prepared AuMPCs.
Transmission Electron Microscopy (TEM) has been used as a powerful tool
in earlier investigations on the size and shape of alkanethiolate AuMPCs.32,73'74 Later,
TEM analysis of a fractionally crystallized sample, combined with matrix-assisted
laser desorption ionization (MALDI)/MS and theoretical calculations, determined that
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a more likely shape of the Au core is a truncated octahedron, and that preferred core
Au atom populations ("magic numbers" or completed metal shells) include 225, 314,
and 459 atom clusters.32
Figure 2-8 shows TEM images of as-prepared AuMPCs collected from the
four different preparation conditions, such as 1-fold, 2-fold, 3-fold thiol to Au(III)
ratio at 25°C, and 3-fold ratio at 0°C. The hexanethiol feeding ratio 3:1 at room
temperature reduction preparation produced 2.4nm ± 0.4nm as-prepared AuMPCs
core size distribution. At 0°C (i.e. reduction reaction using NaBKU) the core size was
2.0nm ± 0.4nm. The smaller as-prepared AuMPCs from 3:1 ratio at 0°C contained
1.7nm and 1.9nm core size populations of clusters with minor populations at 1.4 and
2.9nm. The largest as prepared crude AuMPCs from 1:1 ratio at RT are composed of
4.2nm core diameter, with a quite broad particle size distribution range from 2.4 to
5.6nm.
As shown in the Figure 2-8, the particle core size distribution of as-prepared
AuMPCs is quite polydisperse. Murray, et al., and Whetten and co-workers have
modified the Brust and Schiffrin synthetic method and isolated monodisperse
samples by solvent fractionation method from polydispersed preparation.32'74'75
The method can be fractionated into monodisperse samples, for example core
diameters of 1.7nm AuMPCs as illustrated in the flow chart (Figure 2-9).
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This size selective precipitation method involves first evaporation of the
dispersing AuMPCs solvent. The non-solvent ethanol for the larger core size
( >2.0nm) is then introduced in the dried as-prepared AuMPCs. The ethanol is added
a number of times for 12-15h into the reactor while a clean solution is obtained. This
addition of non-solvent weakens the ligand-solvent or AuMPCs-solvent interaction in
the solution and thus results in precipitation of AuMPCs. The ethanol soluble portion
gave smaller core sizes ( <1.7nm) than that of their ethanol insoluble counterpart. In
order to collect further narrow core size distribution, acetone was introduced to the
remaining dried sample. Acetone works as a solvent for isolating the 1.7nm core
diameter AuMPCs from the core size range of 1.2-2.3nm. The acetone soluble
portion was then evaporated, further cleaned with acetonitrile and ethanol non-solvent
to remove impurities. The AuMPC product was finally dissolved in toluene and
characterized by TEM.
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1:3 ratio (Au(III):C6Thiol) at 0°C reduction reaction

As-prepared AuMPCs
| C2H,OH
AuMPCs <1.7nm

Solution
Precipitation
CH3COCH3

AuMPCs: 1.5-3.0nm U

Precipitation
Solution
CH3CN / C2H5OH
Precipitation

AuMPCs: 1.7±0.2nm

Figure 2-9. Flow chart of solvent fractionation method.

By using the solvent fractionation method, monodisperse 1.7, 2.2, 3.1, 4.0, 4.9nm core
size AuMPCs were isolated (Figure 2-10) from the as-prepared AuMPCs (Figure 2-8).
One can see that in general that the particles exhibited a spherical shape as in Figure
2-10 and more than 59% of the particles fall within the average core size with <10%
standard deviation.
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Figure 2-10. TEM images of (a) AU4033 (4.9±0.3nm), (b) Au24o6 (4.0±0.1nm), (c)
Au976(3.1±0.3nm), (d)Au309(2.2±0.2nm), and (e) Aui4o(1.7±0.2nm). Insets
in the right comer of each image show corresponding core diameter
histograms. Scale bar = 50nm.
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2-2-3. Quantized Double Layer Charging of MPC
Small-core size alkanethiolate AuMPCs exhibit size-dependent properties due
to their sub-attofarad (aF) cluster capacitance (Cciu).76 The capacitance of small MPCs
can be attributed to a combination of small core radius and low dielectric constant of
the surrounding hydrocarbon-like monolayer (Figure 2-11(a)).
The electrochemical measurement of the small core size ( < 2.0nm) of
AuMPCs in solution is depicted in Figure 2-11(b). All the neutral AuMPCs cores can
be oxidized(+) or reduced(-) by a single electron transfer in diffusing from the bulk
solution to an electrode/solution interface. Figure 2-11(b) bottom box is the equivalent
circuit, in which RCT interfacial charge transfer resistance between electrode and the
MPC, CDL, is the electrode double layer capacitance, and Z is MPC diffusional
impedance.
For the quantized double layer charge measurement, the capacitances (Cc/«)
of individual AuMPCs dissolved in an electrolyte solution are sufficiently small. The
voltage intervals (AV) between sequential single electron changes in their core
charges are voltammetrically detectable (Figure 2-12). The voltage interval is given
by76
AK = -fCcto

(2-6)
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where e is the electronic charge. The electronic charging of the MPC core is strongly
size dependent, in which macroelectrode differential pulse and cyclic voltammetry of
MPC solutions yield a series of observable one-electron current peaks with diffusioncontrolled characteristics (Figure 2-12). The electrochemical current peaks are termed
quantized double-layer charging (QDL) peaks.77' 7 The electrochemical properties of
MPCs having a diameter greater than 1.1 nm are similar to those of a metallic capacitor,
and therefore, quantized double-layer charging peaks give definitive information on the
nature of the MPC core single electron charging process.
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Figure 2-11. (a) Schematic diagram of the concentric sphere capacitor model used in
equation (2), (b) quantized double layer (QDL) charging of neutral MPCs in
electrochemical measurements.

If the nanoparticle capacitor is assumed to have a spherical geometry, then the MPC
capacitances are dominated by dielectric properties of the monolayer shell.

49

They are remarkably well predicted by the relation for a concentric sphere capacitor
(Figure 2-11(a)),76 in which the AuMPCs core surface and the monolayer/electrolyte
interface, separated by the dielectric of the alkanethiolate monolayer form the
concentric spheres.79 The relevant relation is
Cciu — 4^EoS

fr
-\(r

+ d)

(2-7)

where Cc/« is cluster capacitance, d is monolayer (ligand) thickness, eo is the
permittivity of free space, and r is the radius of the core. Equations (2-6) and (2-7) can
be used to calculate the apparent core radius (r), using a known e value.
r2+(rd)

(

pd

^—

\

=0

(2-8)

Assuming that the hexanethiolate chains are fully extended, the thickness d of the
hexanethiolate monolayer is 0.77 nm. We have taken s = 3.0 for the static dielectric
constant for a hexanethiolate monolayer on a small Au cluster, which is close to the
estimated value from data on self-assembled alkanethiolate monolayers,80 where it
was assumed that e does not change with chain length. When AV is determined, the
only remaining variable in equation (2-8) is the radius of the core, r, which can then
be calculated.
Differential Pulse Voltammetry (DPV) has been widely used to characterize
the quantized double layer charging of MPCs because AV is usually better resolved
compared to the other electrochemical methods. Even in this case, electrolyte
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solutions containing highly monodisperse MPCs are required to observe peaks that
are sufficiently narrow for meaningful conclusions.78'

80

The DPV experiments

described in Figure 2-11(b) were carried out using 0.1 M B114NCIO4 in
dichloromethane as the electrolyte solution at 25 °C, and Ar gas was purged for the
voltammetry measurements. Figure 2-12(a) and (b) show the cyclic voltammetry
(CV) and DPV of Au^oMPCs respectively. The presence of distinct peaks in these
data indicates that the MPCs are quite monodisperse in size. The average peak
spacing (AV) from DPV measurement is 260mV, and as shown in Figure 2-12(c),
there is a linear correspondence between the peak potential (V) and the charge state
(Z). The capacitance of Aui40MPCs obtained by using equation (2-6) from the slope
of the line in Figure 2-12(c) is 0.62aF, and therefore the diameter (2r) of these
nanoparticles calculated from Eq. 2-8 is 1.7nm. This value can be compared to that
determined by TEM of Aui40MPCs 1.7±0.2nm in Figure 2-10(e) and to the value of
1.7

nm

calculated

assuming

a

140-atom

spherical

Au

nanoparticle.
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Figure 2-12. (a) Cyclic voltammetry (CV), (b) Differnetial Pulse Voltammetry (DPV) of
0.2 mM Aui4o[(S(CH2)5CH3)]53 in CH2C12 with 0.1 M tetrabutylammonium
perchlorate. DPV measured with parameters: increase potential (V) = 0.004,
amplitude (V) = 0.05, pulse width (sec) = 0.05, sampling width (sec) =
0.0167, pulse period (sec) = 0.2, quiettime(sec) = 10, (c) Plot of charge state
(Z) and peak potential (V).

Figure 2-13(a) is the DPV of AU309MPCS isolated from 3:1 ratio thiol to
Au(III) preparation and Figure 2-13(b) is the corresponding plot of peak potential (V)
versus charge state (Z). Peaks having a spacing of AV = 180mV are present. The
capacitance of AU309MPCS calculated from the slope of the line in Figure 2-13(b) is
0.89aF, which correlates to a nanoparticle diameter of 2.0nm. The corresponding
value obtained by TEM for Au309MPCs in Figure 2-10(d) is 2.2±0.2nm. Note that the
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AV and TEM data are nearly identical within standard deviations, indicating the close
agreement of these two methods.

Potential (V vs. Ag QRE)

Z (Charge State)

Figure 2-13. (a) Differential Pulse Voltammetry (DPV) of 0.2 mM
Au309[(S(CH2)5CH3)]53 in CH2C12 with 0.1 M tetrabutylammonium
perchlorate. DPV measured with parameters: increase potential (V) = 0.004,
amplitude (V) = 0.05, pulse width (sec) = 0.05, sampling width (sec) =
0.0167, pulse period (sec) = 0.2, quiet time (sec) =10, (b) Plot of charge
state (Z) and peak potential (V).
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2-2-4. Correlations of Optical Properties with Core Size
Gold nanoparticles show a strong absorption band in the visible region when
the frequency of the electromagnetic field is resonant with the coherent electron
motion, which is called surface plasmon resonance absorption.81'82 Gold MPCs show
size-dependent optical properties.83,84 When the core diameter is greater than 3 nm, its
UV/Vis spectrum shows a surface plasmon resonance at ~ 520nm. When the gold core
is 1.6 nm, such as Aui4o(SC6)s3, the surface plasmon resonance is absent and UV/Vis
spectrum is almost featureless.84
Figure 2-14 shows UV/Vis spectra of toluene solutions of hexanethiolate
AuMPCs with core size ranging from 1.7nm to 4.9nm. Consistent with a recent study
of monodisperse nano-size materials,85 the surface plasmon (SP) band intensity
decreases dramatically with decreasing cluster size and very small clusters 1.7nm,
2.2nm are almost featureless. These results explain the loss of bulk character for the
smallest Au core. It is clearly showing quantum size effects that the UV/Vis spectrum
presents no surface plasmon resonance due to a high ratio of scattering of the
conduction electrons at the surface of the particles. In that way, they are losing their
phase with the others conduction electrons and a strong plasmon damping occurs. The
3.0nm core diameter cluster does exhibit a peak near the expected SP band
wavelength at ~ 520nm. The other example in Figure 2-14 show that the SP intensity
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increases with cluster size up to a diameter of 4.9nm except for the 4.0nm, which is
not consistent with TEM results. It has been reported that alkanethiol passivation
leads to SP damping.86 The lower amount of hexanethiol ligands passivation on the
surface of AuMPCs could enhance the intensity of SP band absorbance. The narrow
range of particle distribution also could be the other reason for the disagreement
between UV/Vis and TEM measurements.
The SP band behavior was further investigated by varying the refractive
index of the solvent (e.g. hexane, tetrahydrofuran, toluene, and dichloromethane).
According to the Mie's theory, the peak intensity and position of the surface plasmon
absorption band is dependent on the size and shape of the metal nanoparticles as well
as the dielectric constant of the medium surrounding the particles. The SP band
resonance of the hexanethiolate protected AuMPCs is unchanged at ~520nm in these
solvents; that is, the optical dielectric of the ligand shell, and not that of the solvent,
dominates the Au cluster dielectric environment.
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Figure 2-14. Overlay of UV-vis spectra of 4.9nm, 4.0nm, 3.1nm, 2.2nm, 1.7nm of
hexanethiolated Au MPCs. Absorbance is normalized at 300nm.

2-2-5. Conclusion
Manipulation of reaction conditions, notably the thiol to Au ratio, and the
reduction temperature yielded hexanethiolate AuMPCs with a range of core sizes. The
combined results from TEM images, UV/Vis measurements and electrochemical analysis
establish that the average core diameters are in the range between 1.7 and 4.9 nm. This
range corresponds to cores containing 140 to 4033 Au atoms and 53 to 453
hexanethiolate ligands. In each cluster preparation, moderate size dispersity was seen
with -10% standard deviation respect to the average core size. That being said, the
resulting chemical and physical properties of these materials were correlated with
average core size. From the electrochemical measurement analysis of AuMPCs, the
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electronic properties of the Au core appear to be consistently metallic over the entire
range of core sizes, although it is also evident that a change from a nano-sized
segment of bulk metal to that of a "quantum-sized" metal cluster begins near a core
size of 140 atoms. The UV/Vis spectra of large AuMPCs displayed surface plasmon
band characteristics of the bulk metal at that core size, but which disappeared for
smaller cores.

2-3. Facile Preparative Route to Alkanethiolate Coated Au38 Nanoparticles
2-3-1. Synthesis of Small-Core Alkanethiolated MPCs
In this section, the modified Brust-method6 describes preparation of 1.1 nm
small core MPCs with higher yield. The synthetic method was carried out with a 5:1
thiol/gold molar ratio, and NaBH4 reduction reaction for 30min at 0 °C to suppress the
particle growth. These synthetic conditions led to a large fraction of ethanol-soluble
MPCs containing two dominant cores: 1.2 and 1.7 nm, which are consistent with the
core sizes of previously reported Au3gand Aui40MPCs, respectively.13'75'76,86'87 The
ethanol solubility of these small core MPCs seems to be related to an elevated polarity
of smaller-core AuMPCs; larger core sizes are soluble only in nonpolar solvents.
Since both MPCs were soluble in ethanol, other solvents were investigated to separate
these two cores. For PhC2-coated MPCs, the acetonitrile solubility of the PhC2-Au3g
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MPCs was the enabling factor in isolating them from the larger portion of Aui40
MPCs.45 However, the isolation procedure for the PhC2-Au38MPCs failed for
hexanethiolate.7 Neither C6-A1138 nor

C6-AUHOMPCS

were soluble in acetonitrile.

This is not surprising, considering the fact that the protecting ligand has a strong
influence on the solubility properties as our research group and other groups often
have observed dramatic solubility changes resulting from ligand place-exchange
reactions.88'89 Among other solvents examined for the isolation of C6-AU38MPCS,
we have identified DMSO as a key cleaning solvent for the preparation of AU38 MPC.
That is, the C6-AU38MPC could be isolated by washing the crude, as-prepared MPC
product with DMSO and extracting it into acetone. The acetone solution was then
rotary evaporated and washed subsequently with acetonitrile and ethanol to give a
dark brown product (I). On the other hand, washing the same as-prepared MPC
product initially with acetonitrile instead of DMSO produced a rather polydisperse
Aui4o-like MPCs product (II) as discussed next.
The isolated MPC products I and II were characterized by voltammetry,
absorbance spectroscopy, and TEM. Electrochemical measurements provide a
powerful means for exploring the size-dependent electronic charging properties and
the electronic structure of small-core MPCs near the Fermi level, for example, an
opening of electrochemical energy gap between the highest occupied molecular
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orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).90"93 The differential
pulse voltammetry (DPV) of I (Figure 2-15(a)) exhibits the characteristics of Au3g
•

7 09

nanoparticles; '

the pattern of current peaks lying at the formal potentials of the

nanoparticle charge state couples consists of an electrochemical HOMO-LUMO gap, as
measured using the first oxidation (oxl) and reduction (rel) peaks, and unevenly spaced
second (ox2) and third (ox3) steps. This voltammetric pattern reflects the discretization
and spacing of electronic levels of AU38 core, confirming the isolation of AU38MPCS. By
contrast, the DPV peaks of II in Figure 2-15(b) display a distinctly different pattern;
peaks are much less resolved and roughly even-spaced, characterizing it as a larger AUHOlike MPC 94,95
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Figure 2-15. 25 °C differential pulse voltammograms (DPVs) at 0.02 V/s of (a) I and
(b) II in 0.1 M B114NCIO4 in CH2C12, and (c) as-prepared MPC product
in 0.1 M B114NCIO4 in tetrahydrofuran at 0.4 mm diameter Pt working,
Ag wire quasireference (AgQRE), and Pt wire counter electrode.
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The toluene solution absorbance spectrum (black line, Figure 2-16) of I also
displays the characteristic step-like structure of AU38 MPCs, indicative of moleculelike properties and transitions between discrete electronic levels. ' ' '

The spectrum

of II, on the other hand, displays (blue dash, Figure 2-16) a steep decay absorbance
from low to higher wavelength. This is typical for AuMPCs with core of 1.6-2.0 nm.97
The TEM images in Figures 2-17(a) and (b) parallel voltammetry and absorbance
results. That is, the average core size of I is 1.2 nm, consistent with the core diameter
reported '

for A^gMPCs, whereas that of II (Figure 2-17(b)) is substantially larger
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Figure 2-16. Absorbance spectra of I (black line), II (blue dash), and the as-prepared
MPC product (red line) in toluene. All spectra have been normalized at
300 nm and offset for clarity.
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(1.7 ±0.3 nm). These analytical results clearly indicate that the isolated MPC I and II
are distinctly different in core size even though they are isolated from the same
synthetic product (as-prepared MPC). What then caused the size difference between I
and II?
2-3-2. Core-Size Evolution during Purification
To investigate the factor(s) determining the product size, we have
characterized the MPC core size and properties at each stage of isolation. Figure 217(c) shows a representative TEM image of the as-prepared MPC resulted from the
modified Brust synthesis as described in the 2-1-2 section. The gold particles in
Figure 2-17(c) are relatively monodisperse and the average core size is 0.8 nm, which
is distinctly smaller than that of Au38 or AUHO. The DPV of the as-prepared MPC in
Figure 2-15(c) also displays a qualitatively different charging pattern that
distinguishes itself from Au38 or Au^o; there is a fairly reversible oxidation peak at
0.7 V and less resolved reduction peak at ca. -1.5 V, comprising an electrochemical
HOMO-LUMO gap of 2.2 V. This charging pattern is reminiscent of small-core MPCs
previously reported by Yang et al.91 and Menard et al.97 for respectively Aun and AU13
clusters. Since the as-prepared MPC sample is unpurified, we were unable to analyze
it further. Attempts made to purify the as-prepared MPC only resulted in rather
polydisperse larger MPCs. The absorbance spectrum of the as-prepared MPC in
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toluene (red line, Figure 2-16) is distinctly different from that of AU38, but rather similar
to that of Aui4o-

0.810.1
1
|

1

1

1

Figure 2-17. TEM images and corresponding histograms of the core diameters of (a)
I, (b) II, and (c) the as-prepared MPC. Scale bar = 50 nm.

The analytical evidence described above suggests that the modified Brust
method initially produces subnanometer-sized MPCs that turn into AU38 or
AUHOMPCS

during purification step depending on the cleaning procedure used. This

implies that the core size is determined not only by the synthetic condition used but
also by the purification procedure following the synthetic step. Before the cleaning
step, there may be some reaction impurities such as Oct4N+, excess thiol, and disulfide
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in the ligand shell that could play an important role in preventing core aggregation. As
revealed for Au38MPCs,13 the ligand shell of small-core MPCs is somewhat open to
intrusion by other species. The penetration of reaction impurities into the ligand shell
is thus highly likely considering the sharp curvature of the very small core and strong
hydrophobic interactions between alkanethiolate ligands and these impurities. When
the impurities are removed from the ligand shell, the subnanometer-sized MPCs are
prone to aggregate to form more stable MPCs. It is noteworthy that the core of the
subnanometer-sized MPC remains unchanged during repeated dissolving/drying
cycles as long as these reaction impurities are present, supporting their core-protecting
role. We conclude therefore that the difference in the product size was caused by the
difference in the purification procedure; that is, DMSO-cleaning predominantly led to
the formation of Au3sMPCs while acetonitrile-cleaning resulted in Auno-like MPCs.
Positive/negative ion electrospray mass spectrometry was employed to
identify the extracted impurities in each solvent. Although the fragmentation patterns
of acetonitrile-extracts are very complicate due to the presence of various types of
impurities (Figure 2-18(a), (b)), the mass peaks clearly show the presence of C6H13S
(m/zll7), unreacted gold-thiol complexes:

AU(C6HBSH)

(m/z315) and Au(CeHi3S)2

(m/z431), and Oct4N+ (m/z466). By contrast, only Oct4N+ (m/z466) is predominantly
observed in Figure' 2-18(c) from DMSO-extracts. These results indicate that

63

acetonitrile effectively breaks up the ligand shell and remove reaction impurities from
it, whereas highly polar DMSO can only remove some charged species from the
ligand shell. Gravimetric analyses of the extracts additionally revealed that the mass
of the acetonitrile-extracts (7.76 mg/mL) was more than 30-fold larger than the
DMSO-extracts (0.21 mg/mL), confirming the vastly different cleaning power
between these two solvents.
From these observations, we propose a core-size evolution mechanism as
illustrated in Figure 2-19. The as-prepared MPCs (core diameter <lnm) are stabilized
in the presence of the reaction impurities (red and blue). Selective removal of charged
Oct4N+ (red) yields stable Au38MPCs that maintain their core size during the
following cleaning process with ethanol and acetonitrile, whereas extensive removal
of the reaction impurities by acetonitrile produces rather polydisperse larger
like MPCs.
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Figure 2-18. (a) Negative ion electrospray mass spectrum of CHaCN-extracts from
hexanethiolate MPC preparation. Mass peaks show the presence of
CeHoS (m/zll7) and unreacted gold-thiol complexes: Au(CeHi3SH)
(m/z315) and AU(C6HBS)2 (m/z431), (b) Positive ion electrospray mass
spectrum of CH3CN-extracts from hexanethiolate MPC preparation. The
peak at m/z 466 corresponds to OcUNT", (C) Positive ion electrospray
mass spectrum of DMSO-extracts from hexanethiolate MPC preparation.
The peak at m/z 466 corresponds to Oct4N+.
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Figure 2-19. Scheme of MPC core size evolution during purification
(DMSO: Dimethyl Sulfoxide).
Organothiolate-coated MPCs are known to be very stable even in the dried state.98 The
stability and the effectiveness of the ligand at resisting aggregation of the metal cores
have been evidenced in numerous chemical derivatization reactions. 45 ' 88 ' 89, " The results
presented here suggest, however, that the stability may be greatly diminished for very
small-cores that only exist in the presence of excess protecting layers including reaction
impurities. When these impurities are removed, small-core MPCs tend to aggregate to
form more stable AU38 or larger AUHQMPCS especially in the dried state.
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Table 2-1. Formal potential spacings (V)a in Figure 2-22(a), MPC capacitances(aF),
TEM core sizes(A) and synthetic yields(%) of alkanethiolate Au38 MPCs.
Chain
ox3ox2oxlCalc
Expt
TEM
Yield
lengthb
ox2
oxl
rel
CMPC
CMPC
core

C4(0.52)

0.79

0.32

1.64

0.55

0.50

1.2±0.2

7.8

C6(0.77)

0.82

0.36

1.64

0.46

0.45

1.2±0.2

18.2

C8(1.02)

0.85

0.37

1.65

0.41

0.44

1.1±0.2

23.9

C10 (1.27)

N/A

0.40c

1.66

0.39

0.40

1.1±0.2

19.3

C12(1.52)

0.87c

0.41c

1.67

0.37

0.39

1.2±0.2

17.0

a

Formal potentials are averages of oxidation and reduction peak potentials in the DPV
potential scans. b Extended chain length(d, nm) obtained from molecular modeling data
(Hyperchem). c Due to irreversibility of voltammetric peaks, potential spacings were
taken from the anodic scan.
2-3-3. The Monolayer Thickness (C4-C12) Dependence of Au38MPCs and Their
Charging Energetics
The proposed preparative route (Figure 2-19) to C6-AU38MPCS was examined
for other alkanethiol ligands. All synthetic reactions were carried out using the
modified Brust method as described in the 2-1-2 section. The as-prepared MPC
product was then washed with DMSO and extracted into acetone to isolate AU38
MPCs. The TEM images and histograms of the prepared alkanethiolate Au3gMPCs are
Figure 2-20 and the core diameters are reported in Table 2-1. The TEM results of C4C12 Au3gMPCs show that the cores are relatively monodisperse with average core
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diameter of 1.1-1.2 nm, indicating the preparative method for the Au3sMPCs works
for all alkanethiolates from C4 to CI2. The formation of Au38MPCs were also
confirmed by absorbance spectra which all displayed (Figure 2-21) the characteristics
of Au38MPCs,13'96 i.e., distinct peaks at 670, 460, and 400 nm are indicative of
molecule-like electronic levels of Au3g MPCs. The synthetic yield of C4-Au3gMPC
was 7.8 % based on moles of the gold reactant. The yields increased to 17-24 % with
longer chain ligands (C6-C12), implying longer ligands more effectively prevent core
aggregation and thus favor Au38 formation.
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Figure 2-20. TEM images and corresponding histograms of the core diameters of (a)
C4-Au38, (b) C6-Au38, (c) C8-Au38, (d) C10-Au38, and (e) C12-Au38MPCs.
Scale bar = 50 nm.
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Figure 2-21. Absorbance spectra of alkanethiolate (C4-C12) Au3gMPCs in CH2CI2. All
spectra have been normalized at 300 nm and offset for clarity.
Figure 2-22(a) shows 25 °C DPVs for CH2C12 solutions of Cn-Au38MPCs,
where n = 4, 6, 8, 10, and 12. Again, all DPVs exhibit the characteristics of AU38
nanoparticles; the patterns of current peaks are very similar to one another, consisting
of a large central gap between the first oxidation (oxl, ca. -0.65 V vs. Fc/Fc+) and the
first reduction step (rel) and a second (ox2) and third oxidation (ox3) step spaced by,
respectively, a small and a larger potential interval. The first two oxidation peaks (oxl
and ox2) are chemically reversible on the voltammetric time scale employed in Figure
2-22(a) for shorter ligands (C4 and C6) but become irreversible for longer chained
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ligands, displaying symptoms of product instability. The reversibility is improved at
lowered temperature (-78 °C, Figure 2-22(b)) where the ox2 reaction becomes
reversible for longer ligands and the ox3 reaction becomes nearly so. In addition,
there are more reduction steps observed at lowered temperature. We were unable to
obtain a resolved DPV for the C12 Au3gMPC presumably due to its low solubility in
CH2CI2 at lowered temperature. The voltammograms in Figure 2-22(a) and (b) display
a high ratio of peak currents to background currents, meaning that the MPC samples
are reasonably monodisperse in the electrochemical context.95
The potential spacings between oxl and rel in Figure 2-22(a) (25°C) are in
the range 1.64-1.67 V as listed in Table 2-1, largely unchanged for all chain lengths.
The spacings in Figure 2-22(b) (-78 °C) are virtually the same; they are all 1.67 V for
C4-C10 Au3gMPCs. These spacings are essentially identical to the analogous spacings
observed for Au38(C6)24 and Au38(PhC2)24MPCs in CH2C12.13' 96 This similarity of
behavior is further affirmation that the present C4-C12 Au3sMPCs have the same core
constitution as the previously reported AussMPCs and reveals the electrochemical
HOMO-LUMO gap (oxl-rel) is rather insensitive to the ligand employed. By contrast,
the potential spacing between ox2 and oxl (Table 2-1) increases substantially from
0.32 to 0.41 V as the ligand chain length increases from C4 to CI2.
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Figure 2-22. (a) 25 °C and (b) -78 °C differential pulse voltammograms (DPVs) at 0.02
V/s of alkanethiolate (C4-C12) Au38MPCs in 0.1 M B114NCIO4 in CH2C12
at 0.4 mm diameter Pt working, Ag wire quasireference (AgQRE), and Pt
wire counter electrode. Ferrocene was added as an internal reference for
the AgQRE.

72

The ox2-oxl spacing represents the work term associated with electron
addition to MPC core; it has been referred to as addition or charging energy.98"100 It
reflects the degree to which the dielectric medium surrounding the metal core
stabilizes the increased (positive) charge on the MPC core. In the Table 2-1, ox2-oxl
results ascertain that the spacing indeed is sensitive to the dielectric surrounding of
the Au3g, i.e., the thickness of dielectric medium which varies with the ligand chain
length. The effect of the ligand thickness on the Aui40MPC capacitance has been
successfully accounted for76 by a concentric sphere capacitance model101 in which the
MPC capacitance is estimated by
f

r

\

Cciu - 4TZEO8

(r + d)

(2-7)

V" J

where e is electron charge, so the permittivity of free space, s the static dielectric
constant of the monolayer medium around the metal core, r the radius of the gold core,
and d the thickness of the monolayer medium. Eq. 2-7 is, in effect, a simple
calculation of addition energy for MPCs, so it is worth comparing it to the AU38 ox2oxl data in Table 2-1. The MPC capacitance (expt CMpc

=

e/AV) experimentally

determined from the ox2-oxl spacing (AV) decreases from 0.50 to 0.39 aF as the
chain length increases from C4 to C12. The MPC capacitances (calcd

CMPC)

calculated by Eq. 2-7 using r = 0.55 nm and s = 4.4 are 0.55-0.37 aF for C4-C12
AusgMPCs,76 in reasonable agreement with the experimental capacitances (expt CMpc)-
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These results indicate that the electron addition energy ofAuw MFCs is defined by the
dielectric medium surrounding the core and its contribution to the charging energetics
can be effectively estimated by the concentric sphere capacitance model. Furthermore,
from this comparison one may speculate that the irreversible voltammetric behavior
observed in Figure 2-22(a) are due to the reduced capacitances for longer chain
Au38MPCs. It is not surprising that electrochemical (positive) charging of Au38MPCs
makes them less stable.
The ox3-ox2 spacing appears to contain the ligand-dependent addition
energy; it increases from 0.79 to 0.85 V as the ligand chain length increases from C4
to C8 at 25 °C and from 0.78 to 0.84 V as the ligand varies from C4 to CIO at -78 °C.
Subtracting the addition energy (ox2-oxl) from the ox3-ox2 spacing gives a similar
energy spacing of 0.47 (±0.01) eV, which corresponds to a second occupied orbital
below the HOMO. This suggests that the present C4-C12 Au38MPCs have the same
core electronic structure. The spacing is also similar to the analogous spacing
observed for Au38(PhC2)24MPCs (0.44 eV).13 These voltammetric results show that
the charging energetics of Au38MPCs can be described as a sum of dielectric-mediumdependent electron addition energies and the discrete electronic energy levels of Au38
core.

74

2-3-4. Conclusion
We have demonstrated that alkanethiolate (Cn)-coated Au3sMPCs, where n =
4, 6, 8, 10, and 12, can be prepared by selective DMSO-cleaning of reaction
impurities that would otherwise serve as additional protecting layers. Extensive
cleaning with acetonitrile led to rather polydisperse Au^o-like MPCs, suggesting
core-size evolution in the isolation step is an important factor determining the MPC
product size and distribution. The DMSO-cleaned C4-C12 MPC products are 1.1-1.2
nm in core size and all exhibit optical and electrochemical characteristics of
Au38MPCs. The voltammetric peak patterns of these Au3sMPCs display a ligandindependent electrochemical HOMO-LUMO gap (oxl-rel) and ligand thickness
dependent ox2-oxl and ox3-ox2 potential spacings, both of which increase with the
ligand thickness. These voltammetric results indicate that the charging energetics of
Au38MPCs is characterized by a combination of the discrete core electronic levels and
surrounding dielectric medium.

Note: The Au38MPC is characterized to be AU25MPC by Murray et al.
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CHAPTER III
LATERAL ELECTRON TRANSPORT IN MONOLAYERS
AT THE AIR-WATER INTERFACE
3-1. Introduction to Electron Transfer Dynamics in Langmuir Monolayer
3-1-1. Introduction
Gold Nanoparticles are attracting increasing attention as functional materials in
the field of nanotechnology and also as valuable material in many applications due to
their size dependent electrical and optical properties as described in chapter II. As a result,
highly organized monolayer protected nanoparticle monolayers at the liquid/liquid or
air/water interface have been investigated1 because of their potential applications
including single electron tunneling devices, nonlinear optical devices, DNA sequencing.2"7
A greater understanding of the Au monolayer protected clusters(MPCs)
monolayer properties as well as the two dimensional (2D) arrangement properties of
AuMPCs in these systems is of broad interest. MPC-based Langmuir monolayers offer
particular virtues for the investigation of structural and electronic properties of 2D arrays.
The Langmuir monolayer studies the extent of control of electron-transfer reactions and
dynamics, which can be achieved by the planned modification of the nanoparticles or
molecules building the monolayer, or by tailored changes of the monolayer composition.
Advantages of this Langmuir technique include establishing limiting nanoparticle area,
easy manipulation of the monolayers, and interparticle distance control. The latter is of
great significance because much of the attention in AuMPCs has been focused on their
unique electronic and optical properties. They are sensitive to interparticle distance and
other factors, for example, particle size, nature of surface stabilizing molecules, material
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composition, and surrounding environment.
Understanding the electron transfer dynamics, and pathways in the different
types of chemical structure and/or surrounding environments in a monolayer, either
through covalently linked alkane chain or freely diffusing in hydrocarbon chains coupling
is important in rationalizing electron transfer phenomenon in biological molecules via a
long-range interparticle distance, fabricating microelectronic devices, and sensors.
In this chapter, a new electrochemical method is described to investigate the
dynamics of lateral electron transfer in Langmuir monolayers at the air/water interface.
The electron transfer dynamics between nanoparticles was studied as a function of
interparticle distance by in-situ horizontal touch voltammetry (HTV) of well-defined
dithiol linked AuMPCs monolayers and surfactant stabilized AuMPCs composite
monolayers. The measured current from in situ HTV leads directly to the apparent
diffusion coefficient of the lateral charge transport which arises either from lateral
diffusion or lateral electron hopping. Such electron transfer measurements can yield a
wealth of information concerning the structural dependence of the long-range electron
coupling through molecular media. The strategy to design Au nanoparticle Langmuir
monolayers and their physical properties and electron transfer dynamics, pathways will
be discussed.
3-1-2. Electron Transfer (ET)
Electron transfer is a simple chemical reaction that involves the motion of a
single electron from one spatially localized donor (D) to acceptor (A) that is separated in
distance. The following reaction shows a typical electron transfer process.
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ET

D+ A

D+ + A"

Marcus parabolas 8 (Figure 3-1) are the free energy curves for the reactant state (D,A)
and the product state (D+, A") in their immediate environment along the reaction
coordinate, Q. Q is the intersection between the curves where the electron has a
probablity to transfer from the reactant state to the product state.

Reactants
Products

S-i

\ A.j\
\ ± / i,AG*
AG°J

C

a
w

•

Reaction Coordinate (Q)
Figure 3-1. Free energy wells for ET reaction.5

The electron transfer process is well beyond a classic redox reaction where an
electron moves from the reductant to the oxidant. Most electron transfer reactions in
biological systems are long-range interactions.10, n It is well established that an electron
can translocate or tunnel across the insulating intervening media (e.g. hydrocarbon,
protein), when the donor and acceptor are separated well beyond collisional distance. The
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electron transfer rate and decay constant are dependent on (1) interparticle distance, (2)
intervening media.
Distance Dependence:

The rate of electron transfer is determined by the

driving force of the reaction and the coupling between electron donor and acceptor wave
functions. The driving force of the electron transfer is related to the redox potential of the
reactants by AG = -AEF, where AE is the difference between the redox potentials of the
two reactants, and F is the Faraday constant. The rate of the electron transfer can be
written as equation 3-1 10 ' n :
kET = 4, exp(-pi?)exp((" ( A ^" X ) 2 )/Ar)

(3-1)

In the above equation, Ao is a pre-exponential factor, usually taken as 10 s" for shortrange electron transfer. The first exponential is the electronic coupling element. It takes
into account the overlap of the donor and acceptor wave functions. The coupling and
electron transfer rate decreases exponentially with the increase in distance R (Figure 3-2),
with a coupling decay constant or damping factor /?. Decay constant (/?) is a measure of
the effectiveness of the intervening media, (Dithiol linkers, Fatty acids in this work) in
coupling the donor and the acceptor. A plot of InkET, versus distance gives a straight line,
the slope being -p (Figure 3-2).
For an example, proteins have a universal P of 1.4 A"1 that correlates well with
many electron transfer systems. More detailed studies have found that different protein
structures have slightly different decay constants.13"15 An a-helix has a p value of
approximately 1.3A"1 while /? strand is a more efficient coupling medium with a decay
constant of 1.1 A"1.
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Distance(A)
Figure 3-2. Distance dependence of electron transfer rates: A plot of lnkeT vs.
distance(A) gives a straight line, the slope being -/?.

The second exponential describes the dependence of rates on the driving force of
the reaction and redox related structural changes. The reaction rate increases as AG
increases and reaches a maximum when AG equals X, the reorganization energy.10'n The
reorganization energy is the energy required to move an electron from the donor to the
acceptor without allowing nuclear motion (i.e. Frank-Condon transition). It reflects the
redox dependent structural changes. The molecular structures of the reactants are
different before and after the electron transfer due to the gain and loss of an electron. The
reorganization energy is the energy required for such structural rearrangements, known as
conformational changes of both the reactants and surrounding solvent molecules. Further
increase in free energy will decrease the rate as indicated by the equation (3-1), which is
known as the inverted region in Marcus theory. The reorganization energy can be
regarded as the optimum free energy under which the reaction proceeds at the highest rate.
According to Marcus theory, the electron transfer rate is parabolically dependent on AG
(Figure 3-3).

88

lnk E T

*.

AG

Figure 3-3. Dependence of electron transfer (ET) rates on reaction driving force.

Media Dependence: The distance dependence of ET through different media
remains an interesting and open question. The /? values are determined by the same
strategy in distance dependence. Large values of /? (3-5A"1) are expected theoretically for
ET through vacuum.16'

1?

Values of p are observed to be about 1.0 A"1 for electron

tunneling through saturated hydrocarbon bridges. Experimentally, in bridge mediated ET
rate studies, Miller and co-workers measured /? to be slightly less than 1.0 A"1 for
i

saturated hydrocarbon bridges. Measurements from Chidsey,

ft

Miller,

io

on

Paddon-Row,

and Finklea21 support /? ~ 0.9A"1 for interfacial or homogeneous phase electron transfer
through saturated hydrocarbon spacers. In theoretical computations, Newton22 found, /? ~
0.9A"1 for extended saturated bridge, and from calculating the splitting for divinylalkanes,
Jordan23 found /? ~ 1.0A"1. Waldeck24 studied solvent effects on electronic coupling for
supermolecules (an anthracene donor and a nitroethylene acceptor mediated with a rigid
bridge) and found that (5 varies from 0.64 to 0.97A"1 when the solvent is switched from
CH2CI2 to benzonitrile. Whitesides' thin films in metal-insulator-metal tunneling studies
indicate p = 0.87 ± 0.1 A'1 for alkanethiols.25 STM and CAFM studies indicate p = 1.1-
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1.2A"1 for alkane chains.26'27 Recently, Reed and co-workers28 reported ft value of 0.79 ±
O.OlA"1 for a self-assembled alkanethiol monolayer using a well-developed nanometer
scale device that excludes potential contamination effects from influencing the
measurement.
Water as a solvent can influence ET activation free energies as well as electron
tunneling barriers.29"31 Recent studies of Gray and co-workers32'33 measured the decay of
electron tunneling rates in frozen water. They showed that the characteristic decay
exponent for tunneling through frozen water was about 1.6A"1. The theory of electron
tunneling through water has received attention from Larsson, Kewton, Nitzan, Cave and
co-workers34'35 and the fi values from their results vary from 1.0 to 2.4 A"1. The /? values
for ET through proteins is about 0.9-1.4 A"1.32 Gray and co-workers gave a plot for
electron tunneling through various media (Figure 3-4).32 The estimated distance
dependence for tunneling through vacuum is shown as the black wedge (J5 = 3.0-4.0A"1).
The grey wedge is for tunneling through water (J3 = 1.6-1.8 A"1). The /? value for tunneling
through Ru-modified proteins is about 1.0-1.3 A"1.
3-1-3. Methods for Measuring Lateral Translational Diffusion Coefficient
The application of electrochemical methods to the determination of lateral
translational diffusion coefficients in monolayer is relatively recent. Although there have
been many electrochemical studies of monolayers, such as self-assembled monolayers36'
37

, Langmuir-Blodgett transferred monolayer38'39, and horizontally touched monolayers.40'41

There have been few studies of lateral electron transfer in monolayers using
electrochemical methods.
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I'

20
distance, A

Figure 3-4. Tunneling plot for ET in Ru-modified proteins: azurin(-); cytochrome c (o);
myoglobin (A); cytochrome bs62 (•); HiPIP (*). Solid lines illustrate
tunneling pathway predictions for coupling along ^-strands {fi = 1.0A"1) and
K-helices (fi = 1.3A"1); dashed line illustrates a 1.1 A"1 distance decay.
Distance decay for electron tunneling through water is shown as a gray
wedge (/?= 1.61-1.75A"1). Estimated distance dependence for tunneling
through vacuum is shown as the black wedge (J3 - 3.0-4.0A"1).32
There are many studies of Langmuir-Blodgett transferred monolayer on a solid
substrate. For example, the earlier study of the diffusion in self-organized bilayer
assemblies was conducted on solid substrates by using Langmuir-Blodgett system to
transfer the bilayer to a solid substrate.36 The bilayer consisted of an immobile monolayer
of octadecyltrichlorsilane (OTS) chemically bound to the surface of porous aluminum
oxide and a second mobile monolayer of redox-active amphiphiles on top of the OTS
monolayer. The porous aluminum oxide film was itself affixed to a gold electrode
allowing the measurement of the rate of diffusion of the electroactive molecules in the
bilayer perpendicular to the gold electrode surface. By using a different electrode
geometry, through the implementation of interdigitated array electrodes, the diffusion
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coefficient of octadecyl-viologen was measured from steady state currents between
precisely spaced electrodes.
In an attempt to measure the diffusion coefficients of amphiphiles directly on the
water surface, Majda, et al,37 and Bard and co-workers38 developed line electrode and
gold

wire

3-probe

electrode

respectively.

Those

electrodes

improved

better

electrochemical measurement methodologies for the electroactive amphiphiles in the
electrode-Langmuir monolayer interface. The designed electrodes made it possible to
directly measure electrochemical voltammetry, rates of lateral translational diffusion, and
electron transfer rate on monolayers at the air/water interface.
The key element of HTV technique is a gold micro-electrode. The electrode can
be positioned on the monolayer at the air/water interface, which functions as a onedimensional electrode in contact with a two-dimensional collection of electroactive and
water-insoluble metal nanoparticle monolayers (Figure 3-5(b)).
3-1-4. Electron Transport in the Monolayer
The transport of electrons through a monolayer containing redox active
molecules can occur either by physical displacement of the electroactive molecules or by
electron hopping between a reduced molecule and an adjacent oxidized molecule. The
electron hopping can be between oxidized and reduced molecules which are slowly
diffusing, as conceived by Dahms40 and Ruff41. Alternatively the electron hopping can be
between immobilized redox species as conceptualized by Lavironp42 and Andrietix and
Saveant.43
The general expression for the total diffusion (Dapp) can be written:
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Dflfip = De + Dphys

(3-2)

where De is the contribution of electron hopping among adjacent redox centers, and
Dphys is the contribution from molecular diffusion. Because the systems are all insoluble
monolayers, these processes can be treated as two-dimensional. The relationship between
the measured electrochemical signal and the apparent diffusion coefficient is shown in
the equation 3-3.
Aip = nFAD]gPC(AyP) /(nt)m

(3-3)

The measured peak current from in situ HTV leads directly to the apparent diffusion
coefficient of the lateral charge transport which arises either from lateral diffusion or
lateral electron hopping.
3-1-5. Historical Background of Langmuir Trough
Study of insoluble films at air/water interface can be traced back to ancient times.
Early Babylonian writings44 on Cuneiform clay tablets, dating from the 18th century BC
record, the practice of observing the spread of oil on water for the purposes of divination.
The calming effect of oil on rough ocean water is mentioned in the ancient writings of
Pliny the Elder and Plutarch.45
It was not until over a thousand years later that an attempt was made to give a
scientific explanation for the same phenomena of the calming of rough waters. Benjamin
Franklin described his scientific experiments on the effect of "oily films" on water in a
paper to the Royal Society of London in 1774. He discussed his, now famous, experiment
on the pond at Clapham Common saying:

"At length being at Clapham where there is a large pond, which I observed to be one day
very rough with the wind, I fetched out a cruet of oil, and dropped a little of it on the
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water. I saw it spread itself with surprising swiftness upon the surface .... I then went to
the windward side, where [the waves] began to form; and there the oil, though not more
than a teaspoon, produced an instant calm over a space several yards square, which
spread amazingly, and extended itself gradually till it reached the lee side, making all the
quarter of the pond, perhaps half and acre, as smooth as a looking glass. After this, I
contrived to take with me, whenever I went into the country, a little oil in the upper
hallow joint of my bamboo cane, with which I might repeat the experiment as
opportunity should offer; and I found it constantly to succeed."46

It was not until over one hundred years later that Lord Rayleigh, operating with
the belief in atoms, made significant progress in understanding insoluble monolayers.
Rayleigh was the first to measure accurately the change in surface tension due to the oily
contamination of water surfaces. Rayleigh realized the utility of studying oil on the
surface of water for "the determination of molecular magnitudes"47 and was able to make
a significant contribution to the understanding of monolayer films.
Fraulein Pockels, conducted experiments with the use of her homemade tin
trough, literally in her own kitchen. She discovered that surface films could be
manipulated by pushing them in front of strips or "barriers" extending the whole width of
a trough of water.48 Using Pockel's method of surface tension versus area analysis,49
Rayleigh confirmed the observation that there was an abrupt change in surface tension for
contaminated water surfaces when the area is reduced below a certain critical value. From
this important observation, he proposed that there was a single molecular layer and
estimated the size of an "olive oil molecule" as being "about 1 nm".50 Thus Rayleigh's
work, with its atomistic presuppositions, laid the foundation for all subsequent
"monolayer" studies.
Rayleigh's monolayer hypothesis was picked up by Irving Langmuir. It was to
mark the genesis of much of Langmuir's contribution, in the early 20th century, to
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science and the understanding of monolayers. He was awarded the Nobel Prize in
chemistry in 1932. He studied purified organic compounds instead of oils. In addition
solids as well as liquid surfactants were studied by introducing them to the surface of
water through the use of volatile spreading solvents. The relationship between chemical
functional groups and film properties was also first studied by Langmuir systematically.
It is remarkable that through the use of these methods he was able to determine size and
shape information about molecules.
Langmuir's theory, which involved unifying pre-existing theories of adsorption
together with the kinetic theory of gases and intermolecular forces, marks one of the great
achievements of modern science.
3-1-6. Instrumentation and System: Langmuir Trough Technique
A typical Langmuir monolayer generation and electron hopping dynamics study
apparatus consists of four major parts (Figure 3-5): (i) trough, (ii) barrier, (iii) surface
pressure sensor (microbalance), (iv) the dipper system. The Langmuir trough (Nima
Technology, Model 612D/LS) consists of a solid PFTE (Teflon®) tray over an aluminum
frame. The trough is the container which holds the sub-phase(milli-Q water in this works).
In order to allow an ordered film to be produced, the trough must be stationary and free
of vibrations. The system used for this study is mounted on a vibration free table(minus k
technology co.) which rests on 100kg marble table to isolate vibrations. It is also in a
transparent acrylic plastic box to reduce vibrations from the venting system. Additionally
the trough can be temperature controlled using a water-flow system.
The barrier is controlled by the mainframe and computer to compress the film on
the water subphase. A good seal between the barrier and the trough is required to ensure
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proper compression. The barrier is moved slowly via gearing to a DC electric motor. The
smooth seal and slow movement (typically for our studies 10cm /min) prevent any
unwanted vibrations which can disturb the organization of the monolayer. The
microbalance measures the surface pressure of the system through the use of a Wilhelmy
plate which is attached to the microbalance by stainless steel hooks.
A reading of the surface pressure of the subphase is made by determining the
force due to surface tension on the plate which is completely wetted by the liquid
subphase. Other forces such as gravity and buoyancy due to displaced water are taken
into account. The change in surface pressure is considered to be equal to the reduction of
the pure liquid surface tension by the film:

7t = Ay = Yo-Y

(3-4)

where y is the surface tension of the monolayer-covered surface and y0 is the surface
tension of the monolayer-free surface. The simplest and most common method for
measuring this change in surface pressure is the Wilhelmy balance method. The
Wilhelmy balance consists of a small plate, or porous paper suspended by a sensitive
electro balance (Figure 3-6(a)). The relationship between the apparent mass of the
Wilhelmy plate and the surface tension of the liquid is given by the relationship:
m = p y cosG

(3-5)

where P is the perimeter of the plate (P = 2(w +1), w = width, t = thickness) and 8 is the
angle which the meniscus makes with the plate as illustrated in Figure 3-6(b).
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Surface Pressure Sensor

Electrode
jprobe(HTV)

gbar

Figure 3-5. Instrumental setup for Langmuir trough (Nima Technology, Model 612D/LS)
and horizontal touch voltammetry (HTV). The dipper with 3-electrodes
probe shows electrochemical measurements(HTV) of Langmuir monolayer.

(a)

Electro Balance

*

(b)

*

w
Figure 3-6. The Whilhelmy method for determining surface pressure, (a) side view and
the plate width used to determine the perimeter, (b) the cross section and the
meniscus angle.

With a very wettable Wilhelmy plate, 0 = 0, neglecting the thickness in the perimeter ( t
« w ), equation 3-5 reduces to:
m = (2w) y

(3-6)

Thus the measured weight of the Wilhelmy plate is directly proportional to the surface
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tension.
3-1-7. Basic Concepts of Langmuir Monolayer and Isotherm
There are different interfaces such as air/solid, liquid/liquid, air/liquid, but only
the air/liquid (air/water) interface will be discussed in this work. Due to differences in the
environments, the surface of the liquid always has excess energy, which is called surface
tension (y). It is described thermodynamically as
T = (^)r,P,„,

(3-7)

where G is the Gibbs free energy of the system, S is surface area, T is temperature, P is
the pressure, and nt is the composition. T, P, and n, are held constant.
Typical monolayer-forming materials contain hydrophobic (e.g. alkanethiolated
AuMPCs) or two characteristic hydrophobic and hydrophobic features in the molecule
(e.g. surfactants). For example, in the case of surfactants, one part is a hydrophilic head
group, and the other is a hydrophobic tail (normally a long alkyl chain). When a solution
(such as in chloroform) of these surfactants is spread onto the air/water interface, the
solvent evaporates to leave behind the surfactants on the water surface. Because of the
amphiphilic nature of these molecules, the head groups are immersed in the water while
the tail groups remain on the surface. Since a very small concentration of surfactants is
spread on the interface, the interactions between molecules is minimal, and the resulting
phase is termed a two-dimensional gas. The water surface tension is minimally affected
in the gaseous-state (Figure 3-7), but when the barriers are moved to restrict the available
area, the surfactant molecules exert a repulsive force against one another. A twodimensional analogue of pressure is created, which is termed surface pressure (equation.
3-4).
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Since the allowed interface area and the number of molecules or AuMPCs spread
on the interface are known, the mean molecular area (A) or interparticle distance of
nanoparticle could be calculated for each barrier position. The interparticle distance is the
widely used parameter in this work, such as isotherms (monitoring the K a function of A).
(a)

(b)

Molecular area (A2)

Figure 3-7. Surface pressure(7t) versus molecular area (A) isotherm for a long chain
organic compound and the corresponding molecular arrangement at the
interface.(a) gaseous,(b) liquid-condenced, (c) solid, (d) collapsed.
3-1-8. Experimental Section
Chemicals. HAuCl4-3H20 (Aldrich Chemical Co., Milwaukee, WI), 98% nhexanethiol, 99% NaBH4, 99.99% NaC104, 98% CH3(CH2)7)4N(Br), 1,5-Pentanedithiol
(HS(CH2)5SH), 1,6-Hexanedithiol (HS(CH2)6SH), 1,8-Octanedithiol (HS(CH2)8SH), 1,9NonanedithioJ (HS(CH2)9SH), 99.5% Stearic acid (CH3(CH2)i6COOH), 99.5%
Dodecanoic aicd (CH3(CH2)9COOH, 99.5% Nonanoic acid (CH3(CH2)7COOH), 99.5%
Hexanoic acid (CH3(CH2)4COOH) and 99% (CH3CH2CH2CH2)4NC104, were used as
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received, HPLC-grade toluene and acetone, reagent-grade ethanol, acetonitrile and
dichloromethane were purchased from Aldrich Chemical Co. Milli-Q water (18 MQ cm,
Millipore, Bedford, MA) was used for the all experiments.
Synthesis of the Au3g(SC6)24 MPC. MPC were prepared as described in section
2-3-1. Briefly, for the preparation of Au38(SCe)24, to a vigorously stirred solution of
3.60g(6.58mmol) of Oct4NBr in 160ml of toluene was added 2.0g(5.08mmol)
HAuCL^HaO in 40ml of Milli-Q water. The water phase was quickly cleared, and the
toluene solution became dark red as AuCLf was transferred into 500ml of Erlenmeyer
flask. The aqueous phase was removed and 5-fold molar excess, relative to gold, of
hexanethiol 3.6ml(25.4mmol) was added to the isolated organic phase which was then
stirred for 60minutes at the ice bath. Reduction to a dark solution was accomplished—
while rapidly stirring at a certain temperature—by quickly adding 40ml of Milli-Q water
containing 1.94g(51.3mmol) of NaBHU. Stirring was continued for 30minutes. The
organic phase was then collected and the solvent removed on a rotary evaporator at room
temperature. The black product was suspended in an organic solvent (e.g. acetonitrile,
ethanol). Using a glass frit, the product was collected and cleaned by organic nonsolvents.
Surface pressure-molecular area (n-A) isotherm / TEM sample preparation.
Langmuir-Blodgett trough (Nima Technology, Model 612D/LS) was used to record the
surface pressure vs. molecular area (x-A) isotherms and to carry out horizontal touch
voltammetry (HTV) at the air/water interface. The surface pressures were measured to
within O.lmN/m using a Wilhelmy plate pressure sensor that was calibrated prior to use.
The fresh chloroform solution of Au3g(C6S)24MPC (0.27 mg/mL) was prepared and
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spread onto a supporting electrolyte included water subphase. AU38MPC monolayers
were compressed and formed after 2hrs relaxation on the water from a certain mole ratio
mixed solution (for example, dilute 250ul AU38MPC chloroform solution (0.27mg/ml)
and 150ul fatty acid solution (ImM)) drop wise fashion spreading using a Hamilton
micro liter syringe. A constant barrier speed of 10cm2/min was used for recording n-A
isotherms and to form Au3gMPC and fatty acid monolayer. In addition, to investigate the
composite of AU38MPC and fatty acid Langmuir monolayers by HRTEM, the Langmuir
monolayers were transferred onto the carbon-coated copper grids (Carbon type-B, 400
mesh Cu, Ted Pella, INC.) at the room temperature and the desired inter particle
distances. The grid was attached on a cover glass prior to touch the composite monolayer
on the water subphase, and the AU38MPC and fatty acid composite monolayer transfer
was carried out by Langmuir Schafer dipper mechanism with a speed of 10 mm/min.
3-Electrode Probe Fabrication. The 3-probe electrode used in the all
electrochemical measurements consists of the tips of three wires exposed in an insulating
plane: two Pt (0.4 mm diameter) wire electrodes for working and counter electrode, and a
Ag (0.5 mm diameter) wire for quasi-reference electrode(QRE).
The electrode wires were connected to polymer coated copper wire with silver epoxy
(Epo-Tek H20E, Epoxy Technology Inc.). The group of three electrodes was inserted
through a 1/4 in. regular polymer (PTFE) tube and potted in place with an epoxy resin
(poly(bisphenol A-co-epichlorohydrin), glycidyl end-capped, MM ca. 377; Aldrich)
cross-linked with 14 wt % 1,3-phenylenediamine (Fluka). The end of the assembly was
polished with alumina paste (successively smaller grades down to 0.05 um; Buehler) and
cleaned electrochemically in 0.1 M H2SO4 solution.
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Electrochemical measurements. Voltammetry of Au3gMPC solution was done
with an Electrochemical workstation, CH instruments, Inc., Model 660B, in 0.1 M
BU4NCIO4 in CH2CI2 solutions that were degassed and purged with high-purity Ar gas for
the experiment. The 3-electrode probe was polished with 0.05 urn AI2O3 slurry and cleaned
electrochemically by potential cycling in 0.1 M H2SO4 solution. Cyclic voltammetry
(CV) measurements were done with a scan rate of 50 mV/s, Differential pulse
voltammetry (DPV) was done with potential steps of 4 mV, square wave amplitude of 25
mV, square wave frequency of 15s"1, and quiet time of 10s. Square wave voltammetry
(SWV) was done with potential steps of 4 mV, square wave amplitude of 25 mV, square
wave frequency of 15s"1, and quiet time of 10s. The SWV, and DPV were taken on freshly
prepared solutions and were recorded with both positive and negative-going potential
scans, and values of peak potentials from the two scans were averaged to eliminate iR
effects.
Horizontal touch voltammetry (HTV). Horizontal touch voltammograms were
recorded by using gold wire of 0.5mm radii sealed in an epoxy resin with 3-electrodes
(gold working electrode, platinium counter electrode and silver QRE) that were
mechanically polished. After polishing, the 3-electrode probe was sonicated in milli-Q
water and then cleaned in acetone again. All potentials are quoted with respect to a silver
quasi-reversible reference electrode. The epoxy sealed 3-electrodes were positioned on
the monolayer of the fixed barrier Langmuir trough. Square wave voltammetry (SWV)
measurements were performed using a CH Instruments model 660B electrochemical
workstation. Prior to measuring the voltammetric response, the monolayer was
compressed to the desired core-to-core distance and the 3-electrodes were then moved
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down at a rate of 7 mrn/min until it made contact with the monolayer surface before the
electrode was lifted upward by 0.5 mm at the same speed. This procedure avoids the
possibility of vertically compressing the monolayer and/or disordering the assembly. The
HTV response was recorded with and without the AuMPC monolayer to confirm that
electrical contact had been established and that the procedure did not perturb the
electrochemical properties of the monolayer.
Interparticle distance calculation of AuMPC Langmuir monolayer. A
simplifying model is adopted that assumes an ideally 2D monolayer with a hexagonally
close-packed structure of Au3gMPCs Langmuir monolayer in Figure 3-8.

Figure 3-8. Hexagonal close-packed structure of the AuMPC in the Langmuir monolayer.

Interparticle core to core distance calculations are as follows;
Area

=

2 ( - x — x Sa)
2 2

=

-V3a 2

+

(3-8)

Sa2
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S

r

Core to core distance(d) = — a x 2 = V3a

(3-9)

known Langmuir trough area will give (a) value from above calculation, then, plug (a)
value into the equation(3-9) to get core to core interparticle distance.

3-2. Electron Hopping Dynamics in Dithiol Linked Au3g Nanoparticle Langmuir
Monolayers at the Air/Water Interface
3-2-1. Spreading and Compression of Au3g Monolayers at the Air/Water Interface
The nanoparticle used in this work has a composition of Au3g(SC6)24 where the
protecting ligand is SC6 (hexanethiolate) and l.l±0.2nm of core diameter (Figure 3-10).
Figure 3-10 shows Au3gMPC surface pressure-area (K-A) isotherm on a 0.1 M NaC104
subphase. The hexanethiolated Au3gMPC is not an amphiphilic molecule, and its
chloroform solutions can be spread on a sodium perchlorate water subphase where it
forms stable monolayer film.
Chen has demonstrated that upon spreading, compression, AuMPCs could form
solid 2D aggregations.5'

51

The average size of these aggregates and monolayer

aggregations depend on the concentration of the prepared AuMPC spreading solution and
interparticle distance in the mechanical compression. Relatively large aggregates, such as
those shown in figure 3-2(a), are formed by spreading a 50 uM AuMPC solution at 9.0A
interparticle distance in the compression. The lower concentration (26 uM) of the
spreading AuMPC solution results in substantially smaller aggregations at the same
interparticle distance (Figure 3-2(b)). Since we observed that the relatively larger
aggregation of the compressed monolayers by using 50 uM Au3gMPC solution, all
Langmuir monolayers for this work were prepared from 26 uM chloroform solutions.
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Figure 3-9. Surface pressure^) and area per particle(A) isotherms of AU38MPC
monoalyer at the air/water interface. Mechanical bar compression rate (10
cm2/min).

Figure 3-10. TEM images of mechanically compressed Au3s(SC6)24MPC monolayers at
the air/water interface prepared using different concentrations of the MPC
solutions, (a) 50uM, (b) 26uM, scale bar:10nm, 20nm respectively.
In view of these properties of the Au38(SC6)24 MPC monolayer, it is clear that the
7T-A isotherm shown in Figure 3-10 and figure 3-11 Langmuir monolayer TEM images
correspond to the Au3gMPC Langmuir monolayer aggregation in the compression.
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Judging from our initial investigations of MPC Langmuir monolayers, this process leads
ultimately to a gradual coalescence of the 2D aggregated forms of the MPC monolayers
at the air/water interface. This suggests that the structurally well defined and stabilized
MPC Langmuir monolayers that are required for electron transfer dynamics studies at a
certain mechanical compression.
3-2-2. Isotherm and Stability of Structually Weil-Defined Alkane-Dithiol Linked
Au3gMPCs Monolayers
In this section, we introduce a modified AU38MPC Langmuir monolayer, which
employs a structurally well-defined ligand spacers such as linear alkane-dithiols that can
link gold nanoparticles and reinforce the monolayer stability (Figure 3-11).51

Figure 3-11. Schematic diagram of top view of Alkane-dithiol linked Au3gMPC
monolayer, blue dot line: Dithiol linker.

Due to the hydrophobic property of Au3g(SC6)24 and dithiol linkers, the
nanoparticles disperse well in chloroform and stay stable at the air/water interface.
Alkanedithiol linked Au3gMPCs forms more stable Langmuir monolayers at the air/water
interface. This prevents 2-dimensional (2D) individual interparticle aggregation of
Au38MPC (Figure 3-13).
We used alkanedithiols (CnDT = HS(CH2)nSH; n = 5, 6, 8, and 9) as linkers of
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Langmuir monolayer. After mixing a MPC solution with a solution of the alkanedithiol,
the mixed solution was spread onto 0.1M NaC104 subphase solution to form a Langmuir
monolayer. The added dithiols appeared not only to link nanoparticles but also to fill up
the free space between nanoparticles, preventing spontaneous nanoparticle aggregation
and thus rendering the interparticle distance more controllable by the mechanical
compression barriers.
As shown in Figure 3-12, the surface pressure versus area (n-A) isotherms before
(Figure 3-12(a)) and after the introduction of dithiol (Figure 3-12(b:C6DT), (c:C9DT))
are similar, except for the shift in area accounting for the added dithiol.

This may

indicate that added dithiol linkers participate in the nanoparticle networking without
disrupting the monolayer integrity, presumably through ligand interdigitation52 and/or
surface place-exchange reaction.53
Figure 3-13(a-c) shows a TEM image of the dithiol (DT) linked monolayers and
Au3gMPC monolayers deposited on a carbon-coated copper grid at 8.0A, 9.5A, and
13.3A edge to edge distance. The TEM images showed a relatively uniform distribution
of nanoparticles without individual core-core aggregation in the Langmuir monolayer,
and the average interparticle spacing is consistent with the distance experimentally
controlled by the Langmuir technique. The n-A isotherm studies indicate that
alkanedithiol linked AU38MPC Langmuir monolayers have greatly improved the film
stability and effectively prevented the destructive interparticle aggregation, and enable us
to perform the electrochemical studies on the monolayers by in situ horizontal touch
voltammetry.
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Figure 3-12. Surface pressure (71) and area per particle (A) isotherms of Au3s(SC6)24
particles at the air/water interface before (a: solid line) and after introducing
the hexanedithiol (C6DT) (b: red dashed line), and nonanedithiol(C9DT) (c:
blue dash line) linker and holding the barriers at the area corresponding to
the interparticle distance equal to C6DT length (9.5 A) for 18 h.
Compression rate: 10cm2/min.

108

Figure 3-13. TEM images of Au3g(SC6)24 monolayers fabricated with C5DT (a), C6DT
(b) and C9DT linker (c), and a histogram of the core diameter (d) of
nanoparticles in (b); the experimentally controlled interparticle distances by
the barriers were 8.0, 9.5, and 13.3 A, respectively. TEM images were
obtained with JEOL JEM-2010F TEM/STEM. The Langmuir monolayer
was transferred onto a carbon-coated Cu grid (01814-F, Ted Pella) by the
horizontal lifting method. The unresolved regions in (c) are due to
contamination by loosely bound dithiols. Scale bar = 20 nm (a), 20 nm (b),
and 5 nm (c). Insets: histograms of interparticle distances. The histograms
were obtained by counting all distances to neighboring particles in the
range shown.
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3-2-3. Horizontal Touch Voltammetry Measurement of Dithiol Networked
Au38MPCs Monolayer
To probe the electron hopping dynamics, we have extended the horizontal touch
voltammetry (HTV) technique pioneered by Fujihira and Araki5 and further developed
by Majda and co-workers55 using line electrodes.

Figure 3-14 illustrates the HTV

experiment of a AU38MPC Langmuir monolayer at the air/water interface using a 3electrode probe (the subphase contains a 0.1 M NaOC>4 for voltammetric measurements).
Experimental details of the HTV and monolayer formation are described in section 3-1-8.

3-Electrode Probe

Au

si A u 3 g ,

Barrier

Air
... ,
Water

Na+ CIO,4

e

Figure 3-14. Scheme of the HTV experiment of a AU38 nanoparticle Langmuir monolayer
at the air/water interface using a three-electrode probe.

Figure 3-15 shows the square wave voltammetry (SWV) of AU38 MPC solution
(A) and Langmuir monolayers (B) formed with various lengths of dithiols: C5DT, C6DT,
C8DT, and C9DT and the corresponding interparticle distance of 8.0, 9.5, 12.0, and 13.3
A, respectively.
The solution voltammetry exhibited the characteristics of AU38 nanoparticles
(section 2-3); the current peaks lying at the formal potentials of the nanoparticle charge
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state couples are unevenly spaced, reflecting the discretization and spacing of electronic
levels of AU38 core. Voltammograms of AU38 monolayers also display a well-defined
reversible peak assigned to Au3g+l/0 couple. Close-up of the voltammograms (Figure 315(b) inset) reveals that there is another peak at -0.35 V that can be assigned to AU38 +
couple and the peak spacing between Au38+1 and AU38 + +couples is comparable with
that of solution voltammetry. The peak current of AU38 +1+ reaction is, however,
substantially smaller than that of Au3g+l/0 reaction; in solution, the current associated with
these two reactions are comparable (compare panels A and B of Figure 3-15).
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Figure 3-15. (A) Square wave voltammetry (SWV) of 0.4 mM Au38(SC6)24 in 0.1 M
Bu4NC104 in CH2CI2 at 0.2 mm-radius Pt working electrode and (B) SWVs
of Au38(SC6)24 monolayers fabricated with various lengths of dithiols:
C5DT (black), C6DT (red), C8DT (blue), and C9DT (green), in contact
with a 3-electrode probe at 60 mV/s, 25 mV pulse. Inset: closeup of
cathodic scans.
This difference can be attributed to relative amount of charge-compensating
counterions available for Au38+1

and Au382+/1+ reactions, as has been observed for

sequential reductions of a surface-confinable fullerene monolayer.

56

The current for the
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second oxidation (Au3g2+/1+) reaction is substantially reduced because the available
counterions (CIO4") are significantly reduced upon the first oxidation (Au38+1/0) reaction
(and the incorporation of counterions). Only the portions of the monolayer that can
incorporate additional counterions will be electroactive. The reason for limiting
counterion incorporation for the second oxidation is unclear at this time. It may be caused
by the limited free volume available for the incorporation of counterions in the
monolayer and/or directly under the monolayer. The first oxidation appears however to be
fully supported; indeed, the first oxidation current was very reproducible with all 3
repeated freshly prepared Langmuir monolayer HTV experiments and increased
significantly with decreasing the interparticle distance. Further, the width of the peak at
half height is ~90 mV, consistent with that predicted for one electron change.57
3-2-4. Kinetics of the Lateral Electron Hopping Between Au Nanoparticles in the
Langmuir Monolayers
The Figure 3-15(b) voltammetry opens the way to estimate the rate of electron
hopping between the AU38 cores and to correlate it with the structural parameters of the
Langmuir monolayer. The electron hopping process is a diffusion-like phenomenon and
the peak current relates with the apparent diffusion coefficient

(£>APP)

by the Osteryoung

equation (equation (3-10)).57
Mp=nFAD^PC{/^p)l{%tf2

(3-10)

where Aip is the peak current, n is number of electrons in the reaction, F is faraday
constant, A is area of electrode, D is diffusion coefficient, C is the AU38 core
concentration in the monolayer, and A Wp is the dimensionless net current function.
From the equation 3-10, the peak current associated with oxidation of Au38° to
Au38+ is remarkably dependent on the interparticle distance; the resulting apparent
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diffusion coefficient

(DAP?)

increases from3.3xl0" 10 to5.4xl0" 9 cm2/s by ca. 16-fold with

decreasing the distance from 13.3 to 8.0 A.
physical diffusion coefficient
(DE). 58

TO

(.DPHYS)

£>Appcan be expressed as a summation of a

with an electron (hopping) diffusion coefficient

calculate the first-order electron hopping rate constant

we make the assumption that

DAPP

(&HOP)

' 5 from

DE,

» A>HYS a s has been done before for nanoparticles in

network polymer films(3) and for polyether redox melts,60

£>APP

= A>HYS

+DE~DE

=

feop^/4

(3-11)

in which <!>is the equilibrium center-center AU3 8 core separation.
The resulting rate constant in Figure 3-18 exponentially increases from 2.2x104
to 5.0x105 s"1 by ca. 23-fold as the distance decreases from 13.3 to 9.5 A. The slope of the
linear fit, a measure of the tunneling decay constant, is 0.82 A"1. These results compare
very well with Smalley and co-workers' results (Table 3-1)18'

61 62

'

obtained from

alkanethiol monolayers on Au electrodes in which the electron tunneling pathway was
precisely controlled by the monolayer length, demonstrating that the modified dithiol
linked Au3gMPCs monolayers provides a powerful way to study the electron transport
dynamics-structure relation (Figure 3-15).
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Table 3-1. Electron transfer rate constants (k/), apparent diffusion coefficient (Dapp)
at 25 C in comparison to ferrocene-terminated alkanethiol monolayers on gold
electrode 18
Distance (A)
Dapp(cm2/s)
Fc -alkanethiol
Dithiol(S-Cn-S)
k,(s-')(12)
Ms'1)
S-C5-S

8.0

5.4x10"9

5.9xl05

C6Fc

2.4xl0 5

s-c6-s

9.5

5.2xl0"9

5.0xl05

C7Fc

1.7xl05

s-c8-s

12.0

8.5xl0_1°

6.5xl0 4

C8Fc

3.3xl0 4

s-c9-s

13.3

3.3xl0"10

2.2xl0 4

C9Fc

l.lxlO 4

Figure 3-16. Scheme of electron transfer dynamics through ferrocene-terminated
alkanethiol monolayers on gold electrode surface.1

In Figure 3-17, the apparent flattening in &HOP at 8.0 A may reflect the competing
nature of tunneling pathways. The protecting ligands, the linkers, or both, presumably
serve as tunneling bridges in the electron transport. While the average interparticle
distance is effectively controlled by the barriers as well as the dithiol length in longer
dithiol-based monolayers, in the C5DT-based monolayer the effective tunneling pathway
appears to be limited by the minimum distance of the interdigitated protecting ligands.
TEM results (Figure 3-13) indeed support this; the average interparticle distance (9.2 A)
is considerably longer than the experimentally controlled distance (8.0 A), yielding a
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lower kgT as in Figure 3-17.
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Figure 3-17. Dependance of ln(fc£r) on the experimentally controlled interparticle
distance in Au3g monolayers. Line: linear fit for interparticle distance
9.5-13.3 A.
3-2-5. Conclusion
We introduced the electrical and 2D structural properties of Au3gMPC Langmuir
monolayer. The MPC-based Langmuir monolayers, i.e. one-molecule-thick films at the
air/water interface, provided a correlation between the electron transfer dynamics and
monolayer structure parameters such as MPC core - core distance.
The dependence of the electron-transfer rate constant on interparticle distance is
exponentially increased from 2.2x104 to 5.0x105 s"1 by ca. 23-fold as the distance
decreases from 13.3 to 9.5 A. The slope of the linear fit, a measure of the tunneling decay
constant, is 0.82 A"1.

115
It would also help build an understanding of MPC based Langmuir monolayers
that facilitate long-distance electron transfer dynamics. The improved understanding of
correlation between electron transport dynamics and assembly structure may prove useful
in designing and developing nanoparticle-based devices and catalyst applications.

3-3. Electron Transfer Kinetics of Fatty Acid-Gold Nanoparticle Composite in TwoDimensional Langmuir Monolayer
3-3-1. Isotherm of Au3sMPCs and Fatty Acid Composite Monolayers at the
Air/Water Interface
Monolayer protected Au nanoparticles were prepared by hexanethiol to establish
a surface with alkyl chains. The hydrophobic Au3g(SC6)24 nanoparticles disperse well in
chloroform and stay stable at the air/water interface. However, 2-dimensional (2D)
aggregative domains were formed in the monolayer due to the poor Au3gMPCs/water
interaction. For the fatty acid and AuMPCs composite monolayers form (Figure 3-18),
hydrophilic groups of the molecules face water surface and hydrophobic groups are
oriented to air, so molecules form a monolayer on water. The added medium fatty acid in
the Au3gMPCs composite Langmuir monolayer plays an important role in improving the
stability of the MPCs monolayer at the air/water interface. We used the saturated fatty
acid CXH2X02 (x=6,9,ll,18) molecules. After mixing the solution of the AuMPCs with
the solution of fatty acid molecule, the mixed solution was spread onto water surface
including 0.1M NaClC^ supporting electrolyte to form composite Langmuir monolayer at
the air/water interface.
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Figure 3-18. Schematic of Fatty acid and AuMPCs composite Langmuir monolayer.

Figure 3-19 shows the pressure-area (n-A) isotherm curves (a) pure Au3gMPCs,
and (b) hexanoic acid and Au3gMPCs composite Langmuir monolayer at the air/water
interface. The 2D structure of composite Langmuir monolayer isotherm curve indicates
that the amphiphilic composite monolayer of the fatty acid and Au3gMPCs behavior is
physically different from those of pure Au3gMPCs at the air/water interface.

Au38MPCs + C 5 H„COOH

300
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700 800 900
Area/Particle(A2)

1000 1100 1200 1300 1400

Figure 3-19. Pressure-area (n-A) isotherm curves of pure Au3gMPCs monolayer and
composite monolayer of Au3gMPCs and hexanoic acid on the 0.1 M
NaC104 water subphase.

117
3-3-2. Stability of Au3sMPCs and Fatty Acid Composite Langmuir Monolayer
The cycle n-A isotherm of the hexanoic acid and Av^MPCs composite
Langmuir monolayer curves showed very similar phase behaviors as shown in Figure 320 and has an inflection point at 8.8mN/m and gradually increases with decreasing of the
surface area. The surface pressure at 17.8mN/m is constant at the same area/particle (i.e
inter particle distance) of the composite monolayer during the 3 cycle isotherms.
The three compress/decompress cycles of the composite Langmuir monolayer behavior in
Figure 3-20 indicates long term stability of the composite Langmuir monolayer at the
air/water interface. Figure 3-21 shows a TEM image of the composite Langmuir
monolayer of C5H11COOH and Au3sMPCs deposited on a carbon-coated copper grid at
10A edge to edge distance. The TEM image of the composite monolayer shows uniform
distribution of nanoparticles without individual core-core aggregation at the air/water
interface (Figure 3-21(a)), and the average interparticle spacing is consistent with the
experimentally controlled distance by the Langmuir technique (Figure 3-21(b)). The 71-A
isotherm studies indicate that the composite Langmuir monolayer improved the film
stability and effectively prevented the destructive interparticle aggregation, and enables
us to perform the electrochemical studies of the composite Langmuir monolayers by in
situ horizontal touch voltammetry (HTV).
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Figure 3-20. Cycle isotherms of Au3gMPCs and C5H11COOH composite monolayer at
the air/water interface.
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Figure 3-21. TEM image of the Au38MPCs + C5H11COOH composite monolayer at 10A
edge to edge nanoparticle distance and histogram of, (a) distribution of
particle MPCs size, and (b) interpartide edge to edge distance.
For the stability investigation of the composite Langmuir monolayer of
Au3gMPCs and various alkane chain length fatty acids at the air/water interface, we
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employed two different methods; compression/decompression cycle isotherms behavior
measurements and TEM images. The four different alkane chain fatty acids (CXH2X02,
x=6,9,11,18) examined are listed in table 3-2. For example, the compression /
decompression

cycles were performed

with the AuagMPCs and C5H11COOH

(hydrocarbon chain length: 7.7A) composite Langmuir monolayer at a surface pressure
from 0 to 17.8mN/m. The behavior of the isotherm was observed for the successive three
compression / decompression cycles, which indicated long term stability of the composite
Langmuir monolayer. (Figure 3-20, 3-21). The longer carbon chain length C17H35COOH
(26.18A), C10H21COOH (16.94A) + Au38MPCs composite monolayer showed different
cycling behaviors. For the C17H35COOH + Au3gMPCs composite Langmuir monolayer,
the cycle isotherm behaviors changed not only at the inflection point 27mN/m but also
disappeared after the first cycle isotherm, and the area/particle shifted from 710A2 to 535
A2 at the 9.7mN/m. This may indicate interaction between the longer alkane chain of
fatty acid and

AU3BMPCS

in the Langmuir monolayer, such as hydrocarbon chain

entanglement with AU38MPCS at the air/water interface. This causes the different cycle
isotherm behaviors that changed as the monolayer was repeatedly compressed /
decompressed. The surface pressure at the same area/particle dropped because the small
core-to-core AU38MPCS aggregations can be accompanied by a volume decreasing
structural change at the same area/particle as shown in the TEM image (Figure 3-23).
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Figure 3-22. Cycle isotherms of Au38MPCs and (a) C8Hi7COOH, (b) Ci0H2iCOOH,
and (c) C17H35COOH composite monolayer.
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Figure 3-23. The Au38MPCs + C17H35COOH composite Langmuir monolayer TEM
image after 3 cycle isotherms at 10A core to core distance.
3-3-3. Electrochemistry of AUJSMPCS and Fatty Acids Composite Langmuir
Monolayers at the Air/Water Interface
The voltammetric responses of the nonelectroactive hexanoic acid and
Au3gMPCs composite Langmuir monolayer at edge to edge interparticle distances from
17A to 9A by HTV measurements are shown in Figure 3-24(b). The voltammetry of fatty
acids and Au3gMPCs composite monolayer at the air/water including 0.1M NaC104
interface in the potential window between +0.5 and -0.2V displays two electrochemically
reversible peaks respectively assigned to the Au3g1+/0, Au3g2+/1+ couple at 0.12V, 0.42V(vs.
Ag QRE) in Figure 3-24(a). From the electrochemical measurements, the width of the
peak at half height is «95mV at Osteryoung square wave voltammetry, which is
consistent with that predicted for single electron transfer.63 The pattern of AuasMPCs and
fatty acid composite monolayer voltammetry is very similar to that observed for the
previous dithiol networked Au3gMPCs monolayer. (Figure 3-15)
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Figure 3-24. (A) SWVs of Au38(SC6)24 and C5HnCOOH composite monolayer at 15A
edge to edge interparticle distance (B) SWVs of Au3g(SC6)24 and
C5H11COOH composite monolayers at different interparticle distances in
contact with a 3-electrode probe, at 60mV/s, 25mV pulse.
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Figure 3-25 shows HTV measurements of Au3gMPCs + C17H35COOH composite
Langmuir monolayer at different interparticle distances. The longer hydrocarbon fatty
acid C17H35COOH + MPCs composite Langmuir monolayer also depends on interparticle
distances by the in situ HTV measurements. As compared to the current measurements
and diffusion coefficients in Figure 3-25, Table 3-2, the general value of the diffusion
coefficient DE obtained from the HTV peak current is smaller than that of C5H11COOH +
MPCs composite monolayer. Although it is not immediately apparent, in view of this
system's behavior, we can postulate that the electron transfer kinetics could depend on
the surrounding environment in the Langmuir monolayer due to the different redox
coupling behaviors. It also can be attributed to the results that the longer carbon chain
fatty acid does not provide a homogeneous tunneling barrier. The hydrophobic interaction
between AuMPCs and longer hydrocarbon chain of C17H35COOH fatty acid could make
an entanglement during the cycle isotherms at the air/water interface.
3-3-4. Electron Transfer Dynamics of Fatty Acid and AusgMPCs Composite
Monolayer at the Air/Water Interface
Since the horizontal touch voltammetry (HTV) results allow us to calculate
apparent diffusion coefficient, we are able to interpret the correlation electron transfer
dynamics and interparticle dependence in the fatty acid and MPC composite Langmuir
monolayer.
As shown in Figure 3-24 and 3-25, the peak current associated with oxidation of
Au38° to Au38+ is remarkably dependent on the interparticle distance. Dapp calculated from
the voltammetry measurement peak current by equation 3-10.63'M
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Figure 3-25. (a) SWVs of Au3g(SC6)24 and Ci7H35COOH composite monolayers at 12A
edge to edge distance (b) SWVs of Au38(SC6)24 and Ci7H35COOH
composite monolayers at different edge to edge distances by in situ HTV, at
60mV/s, 25mV pulse.

Aip =nFAD^PC(AxvP)/(Tit)1/2

(3-10)

where A/'p is the peak current, Aytpis the dimensionless net current function, C is the
Au3gMPCs core concentration in the monolayer and the other symbols are as commonly
known.
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Figure 3-26 illustrates the correlation between D app and the interparticle distance
of the hexanoic acids and Au3gMPCs composite Langmuir monolayer. In the

Dm

estimated values are linear for the interparticle distances, the result of hexanoic acid and
AU38MPCS composite Langmuir monolayer £>app increased linearly from 2.5 xlO"11 to
4.0X10"9 cm2/s while the distance was decreases from 17A to 9A. The correlation
suggesting that the linear diffusion process dominates the observed current and that Eq 310 provides an appropriate description of the response. Horizontal touch voltammetry
seems to provide an accurate measurement of the lateral charge diffusion coefficient

(Aw).
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Figure 3-26. Dependence of log(Dapp) on the experimentally controlled interparticle
distance in Au38MPCs and C5H11COOH composite monolayer. Line: linear
fit for various interparticle distances.
The theory of diffusive charge transport coupled to electron transport has been
extensively developed.65"67 Where charge is transported entirely by physical diffusion, the
apparent diffusion coefficient should be independent of the interparticle distance of the
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redox active species in the ideal conditions. However, where the electron transfer plays a
role in the charge diffusion mechanism, Dapp will increase as the function of electroactive
species interparticle distance, which is increased according to the equation 3-11.68

Dm = Dphys + DE*kE7$2/4

(3-11)

where Dphys is the physical diffusion coefficient and the second term represents the
electron hopping involved diffusion coefficient
electron transfer rate constant
make the assumption that

(&ET)68'

.DAPP)

70

from

DE,

(DE)-69

TO

calculate the first-order

by the Dahms-Ruff model (Eq.2), we

A>hys, 5 is the equilibrium center-center Au3sMPCs

core separation. Experiments such as that shown in Table 3-2 were done for a variety of
fatty acids and Au3gMPCs composite Langmuir monolayers, with results as shown in
Table 3-2. The resulting rate constant {RET) in hexanoic acid (C5H11COOH) + AU38MPCS
composite monolayer exponentially increased from 0.13X104 to 3.97X105 s"1 as the
distance decreased from 17 to 9.0 A. For the composite monolayer of stearic acid
(Ci7H35COOH) and Au38MPCs, the kET increased from 0.20X104 to 4.23X104 s"1 at the
same range of hexanoic acid composite Langmuir monolayer.

k = k0 exp(-prf)

(3-12)

where d is the interparticle distance and /? is electron tunneling decay constant, which
depends on the properties of the molecular media (i.e. spacer) in the Langmuir monolayer.
For example, alkanethiol media monolayers its /? value is usually in the range of 0.8-
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Figure 3-27. Dependence of ln(fer) on the experimentally controlled interparticle
distance in AiijgMPCs and C5H11COOH composite monolayer. Line: linear
fit for various interparticle distances.
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Table 3-2 summarizes the correlation between the electron transfer rate and
interparticle distance in the AU38MPC composite monolayer with different fatty acids (i.e
CXH2X02, X = 6, 9, 11, 18). The slope of the linear fit of the hexanoic acid composite
monolayer is a measure of the electron tunneling decay constant, which is 0.67A"1, and
the stearic acid composite gives 0.35A"1. These results were different from that obtained
alkanethiol monolayers on Au electrode18,61> 62 (p: 0.8-1.2 A"1) and dithiol linked MPC
Langmuir monolayers^: 0.82A"1). This discrepancy could be due to the electron transfer
either 'through-bond' or 'through-space' as well as electron coupling efficiency in redox
species.
3-3-5. Electron Transfer Pathways in Through-Bond vs. Through-Space Coupling
Understanding how electrons flow in Donor-Bridge-Acceptor(D-B-A) assemblies
is important in several areas: investigations electron transfer in biological molecules,
fabricating microelectronic devices, sensors, developing molecular electronics, and
interpreting data from scanning tunneling microscopy (STM). The electron transfer rate
depends on the strength of the electronic coupling between the donor and acceptor
mediated by the structure of the intervening space. Also how the intervening medium
between a donor and acceptor controls the rate of electron transfer remains a largely
unsolved problem of crucial scientific importance.
Investigations of the role of the intervening medium in electron transfer, we
employed two different specific types of molecular media in Langmuir monolayer. The
one is, as described in section 3-2, dithiol linked MPC Langmuir monolayers, and the
other is different carbon number chains of fatty acid with MPCs composite Langmuir
monolayer. This approach could yield some of the most intricate and insightful
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information to date concerning the dependence of the electron transfer efficiency and
pathways in the intervening medium such as different surrounding environments and
chemical bonding structures within the Langmuir monolayer (Figure 3-29).
Table 3-2. Electron diffusion coefficients (£>E) and electron transfer rate constants (for)
between nanoparticles at different carbon chain fatty acids composite
monolayer
c„Ratio8
Diffusion
Au38 MPCs
Chain
Fatty acid
P
(Au38MPCs:
Edge-Edge
Coefficient (D E ) c
(xio 4 s-y
length

(A)

C5COOH

C8COOH

C„COOH

C n COOH

7.70

12.32

16.94

26.18

Fatty acid)

1:45

1:22.5

1:22.5

1:15

Distance (A) b

(Cm2/s)

17.0

2.5055x10""

0.13±0.03

15.0

1.9129xl0"10

1.13±0.27

13.0

5.1411xl0'

10

3.57±0.55

11.0
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(a)

Figure 3-29. Scheme of electron transfer pathways in through-bond vs. through-space
coupling. (a)dithiol networked MPC Langmuir monolayer, (b)CsHiiCOOH
and MPC composite, and (c)CigH39COOH and MPC composite Langmuir
monolayer at the air/water interface.
The electron transfer rate (kgr) generally depends exponentially on distance
according to Eq 3-12.

k = kQ exp(-prf)

(3-12)

The value of the decay constant,/?, depends significantly on the molecular structure of the
bridge. Table 3-3 lists values of /? that have been reported for D-B-A, alkainethiolated self
assembled monolayer on Au electrode systems in which the bridge was composed of
saturated hydrocarbons and oligophenylenes. The decay constant /? has emerged as a
characteristic parameter that can be used to classify the ability of molecular structures to
provide a medium that facilitates electron transfer from the D to the A, and to infer
mechanistic details of the electron transfer.
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Table 3-3. Values of /? for organic molecules measured with different experimental
systems
ref
System
Composition of organics
P (A 1 )
D-B-A

Electrochemical

STM

Saturated hydrocarbon

0.8-1.0

37-39

Oligophenylene

0.4-0.6

40

Alkainethiol SAM on Au

0.9-1.2

41-43

Oligo(phenleneacetylene)

0.4-0.5

44-45

Alkainethiol SAM on Au

1.2

46

For the electron decay constant, as shown in Figure 3-30, 0.82, 0.67, and 0.35 are
respectively the dithiol networked, C5H11COOH, and C17H35COOH composite Langmuir
monolayer. The decay constant (P) 0.82 in the dithiol linked MPCs Langmuir monolayer
was in good agreement with the theoretical predictions (Table 3-3). An undisputed
postulate in most of the reports dealing with alkanethiol monolayers on gold electrodes,
that the 'through c-bond path' is the dominant pathway in electron tunneling in the dithiol
networked Langmuir monolayer. The large discrepancy between the dithiol linked MPCs
Langmuir monolayer and long hydrocarbon chain fatty acid (C17H35COOH) + MPCs
composite Langmuir monolayer decay constant suggest that there exists another electron
transfer pathway by which the tunneling efficiency decreases upon composite Langmuir
monolayer.
In the first exponential of the equation 3-1, we take into account the electronic
coupling between the donor and the acceptor, which is reflected in the value of /?. Larger
P value indicates stronger coupling. The intervening media serve as bridges, or tunnels
that connect, or surround the redox centers for the electrons to "tunnel" through the
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distance. There are two different views regarding the characteristics of the dithiol linkers
and fatty acid composite in terms of covalent and non covalent bonding.
The distance model considers all the intervening media as a general conducting
material with the same coupling decay constant. The electron transfer rate is solely
dependent on D-A distance. In the tunneling-pathway model however, electron must
travel through a specific pathway consisting of covalent and non-covalent linkages and
occasionally a gap of empty space. The intervening media are treated differently. It is
believed that covalent bonds are better conducting material than empty space and noncovalent interactions.
In a study comparing the coupling efficiency of dithiol linked monolayer and
fatty acid composite monolayer, it was found that for same distance between the redox
centers, dithiol linker in the Langmuir monolayer is slightly better conducting material
than fatty acid in composite monolayer. The decay constants were 0.82A"1 compared to
0.67A"1 and 0.35A"1 for hexanoic acid and stearic acid in the Au3gMPCs composite
Langmuir monolayer. This is because there are more covalent bonds separating the redox
centers and thus electron transfer pathway is dominantly through covalent linkages.
It is not immediately apparent, but one can postulate that pathways which contain
through-bond interactions are anticipated to have higher electron tunneling efficiency and
are more important in determining the rate of electron tunneling through the a-bonded
Langmuir monolayer than 'through space' coupling electron transfer pathway. Since
coupling across the Van der Waals bridge between two adjacent chains is expected to be
relatively inefficient, pathways that include a single lateral hop are next in significance.
The lower interaction between the alkane chain of C6 fatty acid and AU38MPC
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gives a lower electron transfer decay constant (p) is 0.67. This intermediate value could
be due to the fact that the total coupling involves a sum of 'through-bond' and 'throughspace' interactions between adjacent fatty acid hydrocarbon chains within the Langmuir
monolayer. Thus, individual pathways may involve either solely through-bond
interactions, or they may combine these with one or more through-space hops (chain-tochain coupling).

•
•

DT Linked
• p: 0.82
C 6 fatty acid

T

• p: 0.67
C „ fatty acid
• p: 0.35

Figure 3-30. Dependence of electron tunneling efficiency at different surrounding
environments, (a) Dithiol networked MPCs, (b) C6 fatty acid+MPCs
composite, and (c) C\& fatty acid+MPCs composite Langmuir monolayer.
3-3-6. Long Term Stability of AirjgMPCs and Hexanoic Acid Composite Langmuir
Monolayer at the Air/Water Interface
In addition, the compression/decompression cycles and long-term stability of
composite monolayer were studied up to a surface pressure of 17.8 mN/m, which is
consistent with the 9.0A interparticle edge to edge distance and the results are shown in
figure 3-21. For the compression-decompression cycle, the rate constant decompression
overlapped the compression, which indicated that the Langmuir film of the hexanoic acid
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+ Au38MPCs composite monolayer was stable even after four cycles. This result
indicated that composite monolayer formed a long term stable Langmuir film at the
air/water interface.
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Figure 3-31. Dependence of ln(&Hop) on the experimentally controlled interparticle
distance in compressed and decompressed Au3gMPCs+C5HnCOOH
composite monolayer.

3-3-7. Conclusion
A new hydrophobic/hydrophilic character of the fatty acid and Au3sMPCs
composite Langmuir monolayer has been produced at the air/water interface. The
attractive composite Langmuir monolayer model system allows us to extend the study of
interparticle distance dependence on electron transfer dynamics. The distinct 7i-A
isotherm behaviors of the fatty acid + Au38MPCs composite and pure Au3gMPCs
monolayers at the air/water interface and the correlation between the electron transfer
dynamics dependence on the Au3sMPCs core-core coupling were studied using a
Langmuir technique in situ horizontal touch voltammetry measurements. The overlapped
HTV measurement results of hexanoic acid + Au3sMPC composite Langmuir monolayer
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in the compression-decompression multi cycle isotherms suggest that the composite
monolayers formed a long term stable Langmuir film at the air/water interface.
In order to investigate the role of the intervening medium in the Langmuir
monolayer for electron transfer dynamic study, we employed different numbers of
hydrocarbon chain fatty acid with MPC composite Langmuir monolayer. The HTV of
fatty acid+MPC composite Langmuir monolayer results suggest that the composite
Langmuir monolayer model is promising for investigating the distance dependence of
lateral electron transfer rate at the air/water interface. By using different fatty acid
composite monolayers in horizontal touch voltammetric experiments, the Dapp, and the
rate of electron transfer

(ICET), in

the Langmuir monolayers has been probed as the

interparticle distance is systematically varied. Two distinct electron transfer decay
constants at long carbon chain fatty acid composite and alkane dithiol linked MPCs
Langmuir monolayers were observed in which the electron transfer decay constants (P)
were 0.67, 0.35, 0.82 for C6 fatty acid, C18fatty acid, and dithiol linked Langmuir
monolayers respectively.
I proposed two electron transfer pathways in the Langmuir monolayer with
different electron transfer intervening medium. From the measured P values, electron
tunneling through the a-bond path is dominant in the dithiol linked MPC Langmuir
monolayer. In CI8 hydrocarbon chain of fatty acid compacted composite Langmuir
monolayers, electron transfer occurs through the space coupling electron transfer pathway.
The lower interaction between hydrocarbon chain of C6 fatty acid and AU38MPC electron
transfer could involve a combination of 'through-bond' and 'through-space' interactions
between adjacent fatty acid hydrocarbon chains within the Langmuir monolayer. Thus,
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individual pathways may involve either solely 'through-bond' interactions, or they may
combine these with one or more 'through-space' hops (chain-to-chain coupling).
Understanding the electron transfer pathways in the different types of monolayers,
either through covalently linked alkane chain or freely diffusing hydrocarbon chain
coupling (e.g, alkaline chain of fatty acids), is important in rationalizing electron transfer
in biological molecules via a long-range interparticle distance as well as fabricating
microelectronic devices, and sensors. Such electron transfer measurements can yield a
wealth of information concerning the structural dependence of the long-range electron
coupling through molecular media.
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CHAPTER IV
INTERPARTICLE ELECTRON TRANSFER BETWEEN PHOTOACTIVE
SEMICONDUCTOR AND AuMPCs

4-1. Introduction to Photoinduced Electron Transfer between Ti02 and
Nanoparticles
4-1-1. Introduction
Semiconductor-metal

nanocomposites

have

been

widely

employed

in

photocatalysis.1"7 The metal in contact with the semiconductor greatly enhances the
overall photocatalytic efficiency. However, the role it plays in dictating the interfacial
charge transfer processes has yet to be understood fully. A better understanding of the
energetics of such nanocomposite systems is important for tailoring the properties of next
generation nanodevices, and variety of applications.8"11
Earlier investigations on semiconductor-metal composites have revealed that
deposition of metal on semiconductor enhances the efficiency of photocatalytic redox
processes. '

Composite films based on Ti02 and metal (Au, Pt, Ir) nanostructures have

shown higher photocurrent and photo voltage and increasing charge separation.14'15
Electron transfer between photoexcited semiconductor and metal is an important
phenomenon in photocatalysis. Recent studies have shown that metal or metal ion doped
semiconductor composites exhibit shifts in the Fermi level to more negative potentials.16,
17

Such a shift in the Fermi level improves the energetics of the composite system and

enhances the efficiency of interfacial charge transfer processes. The unusual property of
gold nanoparticles to undergo quantized charging makes them a unique candidate to
achieve Fermi-level equilibration.1 Platinum metal, on the other hand, introduces ohmic
contact facilitating a quick transfer of electrons to the electrolyte.16 Electrochemical,19'20
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photochemical,16'21 and spectroelectrochemical22 experiments have shown that the gold
nanoparticles capped with organic molecules exhibit unusual redox activity by readily
accepting electrons from a suitable donor or an electrode. If such metal particles come in
contact with a charged semiconductor nanostructure or nanoparticle, the Fermi levels of
the two systems equilibrate. One factor that can potentially influence the electronic
properties of the nanocomposite is the size of the metal particle. Goodman and coworkers have demonstrated the influence of gold nanoparticle deposition on the overall
energetics and catalytic activity of titania.

Size dependent quantized conductance at

metal nanocontacts has also been demonstrated.24
The T1O2 colloids-AuMPCs system will be described in this chapter, to better
understand the catalytic properties of gold nanoparticles, the dependence of AuMPCs
particle size on the photoelectrochemical processes, and their ability to store and charge
transport. Also, modulated energy level of gold nanoparticles will be discussed with
regard to charge distribution and Fermi level equilibration in the system.
4-1-2. Elementary Processes in a Semiconductor
The principal terms involved in a photoactive semiconductor are the conduction
band (CB), valence band (VB), bandgap, traps sites and Fermi level. The bands are
allowed energy states that an electron can occupy in a material. The highest energy band
occupied by an electron is called the valence band while the next available lowest empty
energy level, next to valence band is called the conduction band. The bands are more
clearly differentiated in a semiconductor than in a metal.(Figure 4-6) The Fermi level can
be probability distribution curve that represents a 50% possibility of locating an electron
at a given energy level. For an n-type semiconductor such as TiC>2 the Fermi level is close
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to the conduction band. A pictorial representation of an n-type semiconductor is shown in
Figure 4-1.

Figure 4-1. Electron /hole pair generation in a photoilluminated n-type semiconductor
nanoparticle.

A semiconductor demonstrates the following processes on photoillumination.
Light of an energy greater than the bandgap of the semiconductor excites the electrons
from the valence band to the conduction band leaving behind a hole in the valence band.
Ti02, for example, is a large bandgap semiconductor and hence produces e/h pairs on
illumination with UV light (Equation 4-1). The electrons (e) and holes (h) are available
for carrying out redox activities at the semiconductor surface. Photogenerated e7h+ pairs
are also delocalized in the semiconductor. These locations are called trap sites (et and ht).
The e7h+ pairs undergo recombination which results in decreasing the efficiency of the
semiconductor. The number of photogenerated electrons, in Ti0 2 is dictated by the ability
of the surroundings to scavenge electrons and holes (Equation 4-2, 4-3) and the
recombination between the photogenerated e7h+ pairs (Equation 4-4)
Ti0 2 + hv-+Ti0 2 (e + h)

(4-1)

Ti0 2 (e + h) + Ox -»• Ti0 2 (e) + Ox+

(4-2)

Ti0 2 (e + h) + Red -> Ti0 2 (h) + Red" (4-3)
Ti0 2 (e + h ) ^ T i 0 2

(4-4)
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4-1-3. Semiconductor Nanoparticles
The bandgap of the semiconductor will increase with decreasing particle size as
evidence of quantum size effect.25 Nano size of semiconductors display unique sizedependent properties (size quantization effect) which alters photochemical, photophysical,
photochromic, optical and electrochemical responses.

Both the large (e.g., ZnO, T1O2,

SnC>2 and WO3) as well as small band gap semiconductor (e.g., CdSe, CdS) display this
property. Charge generation, separation, retention and transfer across a semiconductor
and its surroundings is greatly affected by the size quantization effect. " The presence
of surface bound species which include surrounding electrolytes, sensitizers like other
semiconductors, metals and dyes play an active role in determining the mechanism of
charge transfer taking place at the semiconductor and surrounding species interface.
Photoinduced excitation leads to charge separation in the semiconductor followed by
electron and/or hole transfer to the surroundings dictated by the energetics of the
system.(Figure 4-3)
Two major drawbacks of any individual large bandgap semiconductor have been
identified; Recombination of photogenerated charges (electron and holes) and limited
light harvesting ability. These factors limit economical usage of the semiconductor. The
former can be minimized by using metal on a semiconductor as the metal functions as
sink for the electron and decreases recombination. Sensitization with dyes is one of the
most commonly used methods to overcome the limited light harvesting ability of a large
bandgap

semiconductor.30

A

semiconductor

can be

sensitized

using

another

semiconductor (e.g: TiC^-CdSe) or a dye (Azo dyes), while charge recombination can be
minimized using metal deposits (Ag, Pt, Au). When a metal is used with a semiconductor,
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the metal facilitates in decreasing recombination of the photogenerated charges. Thus
both drawbacks of the semiconductor can be effectively overcomed depending upon the
material used to create composite with a semiconductor.
4-1-4. Fundamental Mechanisms of Semiconductor Photocatalysis
Band Gap Excitation and Charge Transfer. The central mechanism of
photocatalytic activity in semiconductors relies on absorption of a photon of energy
greater than or equal to the semiconductor band gap energy, Eg. Since solar radiation is a
natural and abundant energy source, most photocatalytic strategies have been directed
toward exploiting this energy by choosing materials with band gaps within the range of
terrestrial sunlight, approximately 4.1 to < 0.5 eV (Figure 4-2). Many semiconductors
have band gap energies within this desired range, and so are potential materials for
promoting or photocatalyzing a wide variety of chemical reactions.31
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Figure 4-2. Solar spectrum at sea level with the sun at zenith. The photochemical
opportunity region for TiC>2 within this spectrum is also shown.
When a semiconductor absorbs a photon of energy >Eg, excitation creates an
electron (e~) in the conduction band (CB) and leaves a hole (h+) in the valence band
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(VB).

33

In Ti02, the CB is composed of empty Ti 3d states and the VB is composed of

filled O 2p states. The e~/h+ pair may spontaneously recombine with thermal or
luminescent energy release, or may migrate towards the surface and react with adsorbed
acceptor or donor species in reduction or oxidation reactions, respectively, as shown in
Figure 4-3.
(a)

(b)
CB
A

/zv

D

<£XD+

VB
Figure 4-3. (a) Initial excitation across the band gap of semiconductor and creation of
e"lh+ pair followed by (b) charge transfer to molecules adsorbed on the
surface (A:acceptor and D: donor species on surface).

In order for redox reactions to occur, the energy of the adsorbate orbitals acting as
electron acceptors or those acting as electron donors must lie within the band gap region
of the photocatalyst as shown in Figure 4-4. Hence the position of these adsorbate energy
levels relative to those of the semiconductor surface is crucial. In the absence of redox
active surface species, spontaneous e'/h+ recombination occurs within a few ns.34
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Figure 4-4. Approximate band edge positions for rutile TiC>2 at pH=
1

Electron/hole Recombination: The reactivity of a photocatalyst is dependent on
the rate of e~/h+ recombination in the bulk or at the surface. In order to be an efficient
photocatalyst, the photogenerated holes and electrons must have a long lifetime since
recombination is in direct competition with surface charge transfer to adsorbed species.
Therefore the recombination of the photogenerated e~/h+ pair must be minimized. Surface
and bulk defects can generate electronic states that serve as charge carrier traps. The
presence of these charge carrier trapping sites, such as Ti3+ or surface TiOH sites on Ti0 2
can extend the effective lifetime of the photoexcited e'/h+ pair, increasing the probability
of an electron transfer process to an adsorbed molecule.
Electron/hole Separation: The electrons and holes reaching the semiconductor/
electrolyte are quickly scavenged by dissolved oxygen and ethanol respectively (Equation
4-5, 4-6).
e" + 0 2 ^ 0 2

(4-5)

2h+ + C2H5OH -» CH3'CHO + 2H+

(4-6)
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The CH3 CHO formed at the interface is reductive in nature and is capable of injecting
electrons into the TIO2 particle. Once the oxygen has been removed from the solution by
purging with Ar gas, photogenerated electrons fail to escape from the particles and thus
accumulate within the particle. Other metal oxides which display electron accumulation
on UV irradiation, such as Ti02, W0 3

show intense blue coloration as photogenerated

electrons are accumulated in deaerated suspensions. Figure 4-5 illustrates the charge
recombination processes in the presence (O2 purged solution) and absence (Ar gas
saturated solution) of an electron scavenger.

(a)

(b)

Figure 4-5. Charge separation and recombination processes following bandgap
excitation of in T1O2 semiconductor nanoparticles. (a) In presence of O2 (b)
In presence of Ar.

Quantum Size Effects (QSE): Photocatalytic activity is also affected by particle
size. When the physical dimensions of a semiconductor particle falls within the range of
5-20nm the diameter of the particle becomes comparable to the wavelength of the charge
carriers (e'/h+) and quantum size effects (QSE) occur.4'37 The electronic structure of the
semiconductor can no longer be described as an extended solid, with overlapping
wavefunctions from each atom giving rise to continuous and delocalized electronic
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valence and conduction bands. Instead, the charge carriers become localized in the
effective potential well of the nanoparticle and discrete quantized energy states are
produced (Figure 4-6) that give rise to the strongly size dependent optical and electronic
phenomena.
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Figure 4-6. Density of states for semiconductor as a function of particle size.

Absorption intensities are perturbed and the effective

band gap of a

semiconductor particle is thought to increase as the particle size decreases, corresponding
to a blue-shift of the absorption band.38 These phenomena can influence the
photocatalytic properties of small semiconductor particles. For example, in the
decomposition of 1-butene by SnC>2, 5nm particles were photoactive whereas 22nm
particles were not.

Similarly, Gao and Zhang discovered that 7.2nm rutile Ti02 particles

had a much higher photocatalytic activity in the oxidation of phenol compared to 18.5
and 40.8 nm particles.40 In addition to changes in the electronic structure of the material,
other phenomena can occur as particle dimensions are reduced. Smaller particles present
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more surface adsorption /reaction sites per unit volume and are therefore expected to
show increased catalytic activity.
4-1-5. Photoinduced Electron Transfer (ET) Theory
Electron transfer reactions can occur either in the ground state or excited state.
Ground state ET can be represented by the following reactions:
D_ + A

•

D + A"

D" + A+

•

D+A

where, D is the donor and A is the acceptor. Neutralization and precipitation reactions
would fall into this category. In photoinduced electron transfer, the electron is transferred
following the excitation of a molecule:
A*+B
A*+B

•

A+ + B" (Oxidative ET)

— • A_ + B + (Reductive ET)

The theory of photoinduced electron transfer reaction was first introduced by
Marcus. Based on classical transition state theory, Marcus related the electron transfer
rate (ket) to the free energy of activation:
kel = KV exp(-AG* / KBT)

(4-7)

In this equation, K is the electronic transmission coefficient, v is the probability of a
successful electron transfer relative to the number of times the reactants reach the right
nuclear configuration to pass over to the product manifold of states, KB is the Boltzman
constant, and T is the absolute temperature.
The free energy of activation (A C?) has three contributions as shown below:
AG* = Wr + (AG0 + X)214X

(4-8)
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where Wr is the Coulombic energy between the reactants when they are in close contact
in an encounter pair, X is the reorganization energy, and AG0 is the overall free energy
change for the electron transfer process, as shown in Figure 4-7.

R

E

MT

Figure 4-7. Potential energy surface of reactants (R) and products (P), showing the
reorganization energy (X), free energy of activation (AG*) and the driving
force (AG0) for electron transfer reaction.

The reorganization energy, X, is the total energy of nuclear reorganization
required for the reactants to reach the product configuration without transferring the
electron. It has two contributions, Xi and Xo. X\ accounts for the energy involved with
changes in the bond lengths of the reactants to reach the equilibrium configuration of the
products, whereas Xo is the solvent reorganization energy, which accounts for the
contribution of the environment.
The thermodynamic parameter AG0 associated with electron transfer involving an
excited state can be related to the redox potentials of the electron donor
acceptor

(E(A/A-))>

equation 41,42

(E(D+./ D))

and

and the excitation energy of the first excited state (Eoo) by the Weller
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AG^nFlE^^-E^J-En-C

(4-9)

where C is Coulombic energy associated with interaction within the radical ion pair. The
involvement of the excitation energy term (Eoo) as the driving-force is clearly shown in
Figure 4-8.

A* + D

A + D*

AG°(A)

AG0(D)\
A'' + D+.
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A+D
Figure 4-8. Thermodynamic driving force for photoinduced electron transfer reaction.

4-1-6. Photoinduced Electron Quenching by Electron Transfer
A photoinduced electron transfer processes involve the excitation of a donor (D)
or acceptor (A) molecule, followed by one electron transfer from the donor to the
acceptor. The resultant products are the radical ions. An example involving an excited
state donor can be illustrated as follows:
D
D*+A

hv

D"

(4-10)
D+ + A"

(4-11)

If back electron transfer is slow enough, the radical ions produced can undergo further
chemical reactions, which ultimately convert the absorbed light energy to chemical
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energy. However, if the back electron transfer is fast, the nascent radicals can return to
the ground state, releasing the electronic excitation energy as heat.
The quenching of a photoinduced electron (i.e.fluorescence) for a specific
quencher (Q) can be analyzed using a Stern-Volmer plot. The Stern-Volmer relationship,
named after Otto Stern and Max Volmer,[1] allows us to explore the kinetics of a
photophysical intermolecular deactivation process. Processes such as fluorescence and
phosphorescence are examples of intramolecular deactivation (quenching) processes. An
intermolecular deactivation is where the presence of another chemical species can
accelerate the decay rate of a chemical in its excited state.
I0/I = 1 + K„\Q\

(4-12)

where Io and I are the fluorescence intensities in the absence and presence of quencher,
respectively. K^ is the quenching constant, and [Q] is the quencher molar concentration.
If quenching is a dynamic process, then K^ = kqto. In this equation, kq is a bimolecular
quenching constant, and To is the lifetime of the chromophore in the absence of quencher.
Generally, kq should be smaller than the corresponding rate constant for molecular
diffusion. In addition, for dynamic quenching, Io/I = xo/x, where x stands for the lifetime
of the chromophore in the presence of quencher. However, if the quenching occurs by a
static process, in which the chromophore and quencher form a ground state complex, the
calculated kq generally is greater than the diffusion constant. In this case, the lifetime of
the excited chromophore remains unchanged despite the presence of quencher. The
standard Stern-Volmer plot shows a linear relationship between the intensity ratio(Io/I)
and the quencher concentration[QJ.
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4-1-7. Experimental Section
Preparation of colloidal Ti02 suspension and AuMPCs for the quenching
experiment: A colloidal suspension of TiCh (0.01 M) was obtained by the drop-wise
addition of 0.284g Ti(IV) isopropoxide in 4.544g of 2-propanol to ethanol( 100ml) under
vigorous stirring for lh. The solution was then diluted with an equal amount of toluene to
obtain 13.3 uM Ti02. To avoid particle growth during extended storage, stock solutions
were prepared fresh on a daily basis and used. The average particle diameter was 3.0 ±
0.2nm. Unless otherwise specified, a 3mL solvent mixture of 1:1 (v/v) ethanol.'toluene
was used to suspend AuMPCs and TiCh nanoparticles for the quenching experiments.
Photoinduced experiment: Band-gap illumination of TiC>2 colloids in deaerated
ethanol-toluene was done using a 400-W xenon lamp with wavelength >340 nm using a
cutoff filter (UV-34, HOYA). The illumination excites electrons to the conduction band
while the holes are scavenged by ethanol, resulting in electron accumulation in the
conduction band. Such accumulation can be monitored by the blue coloration of the TiCh
suspension since the absorbance is related to the excited-electron concentration trapped at
Ti4+ sites.
Oxidized AuMPCs solution preparation: For example oxidized Au^oMPC was
prepared by rapidly shaking, 10 milliliters of mili-Q water, 5 mM Ce(S04)2 and 0.1 M
NaOC>4 for a selected time period, forming an emulsion in a vial with 6 mL of a CH2CI2
solution, 0.1 mM

AUHOMPC

and 0.05 M Bu4N+C104" electrolyte. The phases were

separated, and the rest potential of the mixed-valent CH2CI2 solution of

AUHOMPC

measured in a vial with a clean Pt electrode vs. Ag/AgCl reference electrode.

was
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More positive rest potentials (more positive MPC core charges) result from longer
contact times with the Ce(S04)2 solution. Multiple exposures to fresh Ce(S04)2 solution
were required to get more positive oxidized AuMPCs. The CH2CI2 solvent was removed
by rotary evaporation, and the B u ^ C l C V electrolyte was extracted from the mixedvalent MPC sample with five 20mL portions of acetonitrile, in which alkanethiolate
MPCs are not soluble (shaking by hand, allowing MPC particles to settle for 20min, and
decanting). Removal of the Bu4N+Cl(V electrolyte was confirmed by NMR.

4-2. Factors Affecting Interparticle Electron Transfer between TiC>2 and Quantized
Capacitors
4-2-1. Mechanism of Charge Separation
Under bandgap irradiation, charge and hole separation occurs within the Ti0 2
nanoparticle, which is presented below.
Ti0 2 + hv -> Ti0 2 (ecb + hvb)

(4-13)

Ti0 2 (ecb + hvb) + Ethanol -> Ti0 2 (ecb) + ethanal

(4-14)

where ecb represents conduction band electrons and hvb describes valence band holes in
the TiC>2 semiconductor. Band gap illumination of TiC>2 colloids in deaerated ethanoltoluene using a 400-W xenon lamp with wavelength >340 nm using a cutoff filter excites
electrons to the conduction band while the holes are scavenged by ethanol, resulting in
electron accumulation in the conduction band (Figure 4-9).

Figure 4-9. TiC>2 conduction band electron accumulation by using a 400-W xenon lamp
photolysis in deaerated ethanol-toluene(l:l v/v).
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This accumulation can be monitored by the blue coloration of the T1O2 suspension since
the absorbance is related to the excited electron concentration trapped at Ti4+ sites.43
4-2-2. Accumulation of Electrons in Photoexcited TiCh Nanoparticles
UV-excitation of TiC^ colloids in deaerated ethanol causes electrons to
accumulate within the particle. As the photogenerated holes are scavenged by ethanol,
electrons get trapped at Ti4+ sites (reactions 4-13,4-14).34' u Figure 4-10 shows the
absorption spectra of a deaerated colloidal TiCh suspension in ethanol recorded following
the excitation with UV-light (X>340nm). With continued UV-irradiation, the T1O2
suspension turns blue. This blue coloration is marked by the broad absorption in the
visible region with a maxima at 630 nm. Transient studies have shown that Ti4+ sites of
the semiconductor function as traps (et) for the photogenerated electrons causing the
solution to turn blue in color.43
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Figure 4-10. Absorbance spectra of a 13.3uM deaerated solution of Ti02 l:l(v/v)
ethanol-toluene solution as function of photolysis time.
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The increase in the absorbance at 630 nm is seen in the absence of oxygen and
remains undisturbed upon stopping the illumination. When UV-irradiation is carried out
with an aerated Ti0 2 suspension, the photogenerated electrons fail to accumulate as they
are scavenged by dissolved oxygen (Equation 4-15).
Ti0 2 (ecb) + 0 2 ^ Ti0 2 + 0 2 "

(4-15)

4-2-3. Estimation of Conduction Band Electron Concentration in Ti0 2
The electrons stored in the semiconductor/metal nanoparticle can be titrated with
an electron acceptor such as thionin or methyl viologen. Thionin is a blue cationic dye
and it undergoes a two-step reduction process to give a colorless reduction product,
leucothionine. (Equation 4-16, 4-17). Since the reduced dye absorbs only in the UV
region, we can conveniently titrate the stored electrons by following the disappearance of
the visible absorption.
2Ti0 2 (e) + TH-> 2Ti0 2 + 2TH~" (4-16)
2TH~'-*TH

+TH +

(4-17)

By adding a known amount of deaerated thionin solution to UV-irradiated Ti0 2
suspension and measuring the net reduction yield the number of electrons stored in these
particles can be estimated. Figure 4-11 shows the absorption spectra obtained after the
addition of thionin dye to the previously irradiated Ti0 2 suspension. The decrease in the
peak at 630 nm shows the electron transfer from the semiconductor to thionin to produce
colorless leuco dye. If there were no dye reduction we would have observed an increase
in the 600 nm absorption corresponding to the ground state absorption of the dye.
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Figure 4-12, 4-13 show a conduction band electron titration curve between the
decrease in absorption at 630nm and thionin concentration confirming a quantitative
transfer of electrons. The absorbance of photoinduced T1O2 is proportional to the
accumulated electron number in the conduction band. The TiC>2 particles can thus
function as a reservoir of electrons and can be used as a strong reductive source for any
species.
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Figure 4-11. Change in absorbance of a deaerated and UV illumination 13.3uM TiC^
solution caused due to the addition of deaerated solution of thionin dye in
ethanol. Absorbance of a deaerated TiC>2 solution (a) after 60min UV
illumination followed by the addition of a thionin dye having (b) 17.8, (c)
35.3, (e) 52.4, and (f) 60.8uM concentration in the solution.
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Figure 4-12. Absorbance of Ti02(e") at 630nm vs. [Thionin] for the conduction band
electron titration point.
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Figure 4-13. Plot of absorbance of TiC^e") at 630nm vs. number of Ti02(e") from
[Thionin] titration points.
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4-2-4. Charge Transfer and Equilibration between TiOi(e") and AuMPCs
In order to probe the charge transfer between Ti02(e") and AuMPCs, the deaerated
T1O2 suspension was subjected to UV illumination for 1 hour to store electrons within the
semiconductor particles. The cell was then transferred to a UV/Vis spectroscope and
known amount of AuMPCs were added (Figure 4-14).

CH3CHO

Figure 4-14. Charge transfer (CT) pathway and Fermi level equilibration between
photoexcited Ti0 2 (£F*) and MPC (£>) nanoparticles. The curved arrow
denotes lifting of E? upon charge transfer to MPC core.

Figure 4-15 shows the effect of AuMPC addition on the absorption spectra of
deaerated and UV exposed solution of TiC-2. The difference in absorption was recorded
following the addition of AuMPC suspension to cell. The sample was allowed to
equilibrate (6min) before recording the different absorption spectra. For example, with
successive addition of a 0.14uM Aui40MPC, the peak maxima at 630nm decreases as the
electrons accumulated in the Ti0 2 are transferred to

AUHOMPC.

Similar transfer of

electrons between UV-irradiated semiconductor and metal nanoparticles have been
established in earlier studies.44
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Figure 4-15. Effect of a deaerated solution of AUHOMPCS addition on the
absorbance of 60 minutes UV irradiated 13.3uM T1O2 solution.
Absorbance of T1O2 solution in presence of (a) 0, (b) 37, (c) 73,
(d) 110, (e) 150nM of deaerated Au14oMPCs, and (f) before
photolysis T1O2.

Since the absorption in the visible region is indicative of electron accumulation in Ti02(e')
nanoparticles, the absorption change at 630nm with increasing concentration of
AUHOMPCS

was followed. Figure 4-16 shows the absorbance changes with respect to the

different core sizes of AuMPCs concentration.
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Figure 4-16. Decrease in absorbance at 630nm due to addition of AuMPCs.

The AuMPCs core size dependence was investigated with hexane thiolated gold
nanoparticles from l.lnm to 4.9nm. Figure 4-16 shows the decrease in 630nm
absorbance with increasing concentration of AuMPCs. For any given AuMPCs
concentration, the decrease in 630 nm absorbance was smaller for small core size gold
nanoparticles(i.e., Au3g). This indicated that transfer of electrons to 4.9nm Au
nanoparticle was sufficient to attain charge equilibration. For bigger size particles a
greater change in the Fermi level with the transfer of each electron is expected which
later leads to Fermi level equilibration.
Accordingly, since the Fermi level of the T i d is fixed, more number of electrons
have to be transferred to 4.9nm size particles to attain Fermi-level equilibration with TiC>2
nanoparticle. The results presented in Figure 4-16 support this argument that more
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electrons are transferred to each 4.9nm particle(Au4033) than a 1.1 nm particle(Au38) to
achieve Fermi level equilibration.
4-2-5. Fermi-Level Equilibration
Based on the changes in the absorption of stored electrons and titration using
methyl viologen, Mulvaney and coworkers45 found that the Fermi-level equilibration
depends upon the nature of the metal nanoparticles brought in contact with the irradiated
semiconductor. They also reported that ZnO-Au system showed unusual charge storage
behavior. Whether the interaction between the irradiated ZnO and Au is induced via
direct reduction of the metal ion on semiconductor surface or via addition of preformed
metal nanoparticles, the photogenerated electrons get distributed between the
semiconductor

and

metal

layers.

As

demonstrated

by

electrochemical,18'

46

photochemical47 and spectroelectrochemical48 experiments, gold nanoparticles possess a
unique property of storing electrons.
The results presented in Figure 4-16 demonstrate charge distribution between
photoinduced Ti(>2 and different AuMPCs capacitors. Figure 4-17 illustrates that Au
nanoparticels retain the charge and cause the net Fermi level shift to more negative
potential when a particle is in contact with a semiconductor T i d particle. The charge
distribution between the TiC>2 and AuMPCs results in Fermi level equilibration.
The Fermi level of gold is more positive than the conduction band energy of Ti02
(ECb= -0.5 V vs. NHE at pH 7). With transfer of each electron into the metal particle, the
Fermi level becomes more negative. The electrons get distributed between the
semiconductor and AuMPCs and attain Fermi level equilibration. Under these conditions,
the Fermi level at equilibrium shifts close to the conduction band of the TiC^. The change
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in absorbance of photoinduced HO2 can be used as a monitoring technique to probe the
charge distribution between the AuMPCs and TiC>2 using this simple process.
Based on the titration of stored electrons using thionin, we expect that the number
of electrons stored in a Ti02 particle is proportional to the absorbance of photoinduced
Ti02. Upon equilibration with the A114033 nanoparticles about 40 % decrease in
absorbance is observed. This in turn indicates that about 60% of the initially stored
electrons still remain in the TiC>2 particle as the two systems (Ti02 and AuMPC) attain
equilibration. As illustrated in Figure 4-16, the electrons transferred to gold nanoparticles
are stored within the metal nanoparticles. Increased electron density within the
nanoparticle thus shifts the Fermi-level towards more negative potentials. The transfer of
electrons to metal continues until the Fermi level reaches close to the conduction band
edge of TiC>2. Murray and coworkers46 have observed that each injected electron within
the gold nanoparticle is capable of shifiting the Fermi level by 0.1V. Thus, the storage of
multiple electrons during the charge equilibration with the semiconductor can produce a
significant shift in the Fermi level, thus driving the overall Fermi level to more negative
potential.

An

independent

photoelectrochemical

experiment

carried

out

with

Au/TiCVOTE films show a shift in the Fermi-level of 150 mV.49 Thus, the Fermi-level
equilibration with a noble metal layer has its own benefit towards improving the
photoelectrochemical and photocatalytic performance of TiC>2 systems.
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Figure 4-17. Photoinduced charge separation and charge distribution in Ti02 and
AuMPCs. EF and E'F represent Fermi levels attained before and after charge
distribution.

4-2-6. Quenching Efficiency by AuMPCs
To probe the charge transfer efficiency between Ti02 and MPC nanoparticles, we
first photolyzed the Ti02 solution for 1 h until the absorbance at 630 nm reached -0.5
under an anaerobic atmosphere. A known amount of a deaerated toluene solution of a
MPC was then added to the photoinduced Ti02 solution. After each addition, the mixture
was stirred to equilibrate for 6min and an absorbance spectrum was recorded. All
measurements were performed at room temperature. Figure 4-15 showed the resulting
spectra recorded following the addition of an MPC (e.g.,

AUHO)

solution. It displayed a

gradual decrease in the visible region with increasing concentration. The change in
absorbance at 630 nm with successive additions of 1.1-4.9 nm diameter AuMPCs are
shown in Figure 4-16. Since the blue coloration is related to the concentration of the
excited electrons in TiC"2, the decrease in absorbance indicates a loss of TiC>2(e") by the
addition of AuMPCs. It is apparent from Figure 4-16 that the excited state electron
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quenching occurs with all MPCs and the quenching efficiency increases with MPC core
size. In recent studies,16 it has been demonstrated that when metals such as Ag or Au
nanoparticles come in contact with a charged semiconductor, the Fermi levels of the two
components equilibrate and the metals accept charges. Since the Fermi level of AuMPCs
is more positive (Ev: 0.0 V vs NHE)50 than the conduction band edge of Ti02 (EF*: -0.5
V vs NHE),43 the charge transfer from the excited Ti02 to AuMPCs would be
thermodynamically favorable. In other words, the AuMPC would serve as an effective
quencher of the excited T1O2 electrons. To compare the MPC quenching efficiency in
Figure 4-16, we have extended the Stern-Volmer equation derived for describing the
relationship

between

collisional

quenching

of excited

^--\

= KQ [AuMPC]

states

and quencher

concentration:51
(4-18)

where Ao and A are the excited T1O2 absorbance in the absence and presence of MPC,
respectively, and KQ is the Stern-Volmer quenching constant for collisional quenching.
The quenching constants (KQ) taken from slopes in Figure 4-18 are shown in Table 4-1,
which exhibit a remarkable increase with increasing MPC core size; KQ increases from
5.6X105 to 4.1X107 by more than 70-fold as core size increases from AU38 to AU4033 with
a largest increase from AU38 to Au^o- It is well known that metal surfaces are potent
quenchers of molecular excited states. Au nanoparticles are also quenchers of excited
states and have shown some size dependence in fluorescence quenching of dye
molecules.53 Our analysis builds on the work by Wood et al.45 who showed that metal
particles equilibrate with illuminated ZnO quantum dots. The effect of metal particle size
on the Fermi level equilibration has also been investigated with TiC<2-Au nanoparticles.54
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If the Fermi level equilibration occurs between T1O2 and Au MPCs, the charge
transfer and distribution between them should be related to the capacitance of the charge
acceptors (AuMPCs). Table 4-1 shows that the calculated capacitance

(CMPC)

from eq 4-

19 increases from 0.31 to 3.42 aF as the core size increases from AU38 to AU4033. It also
shows the predicted number of electrons added to MPC to equilibrate with the excited
T1O2. Apparently, the larger MPC has higher capacitance

(CMPC)

and thus needs more

electrons to raise its Fermi level.
CMPC=4mx0£)(r
a

+ d)

(4-19)

where £0 is the permittivity of free space, e is the static dielectric constant of the
monolayer around the metal core, r is the radius of metal core, and d is the monolayer
thickness.

1.0

0.8

0.6

I
1

"-'

0.4

0.2

0.0
0.0

0.1

0.2

0.3

0.4

[AuMPC nM]
Figure 4-18. Corresponding Stern-Volmer plots and best fit lines.
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Table 4-1. TEM core diameter, calculated MPC capacitances (CMPC), and quenching
constants (KQ) averaged from three experiments for all MPCs.
AuMPC

Diameter(nm)

CMpc(aF)

AV(V)

KQCIO^1)

Au38

1.1

0.31

0.51

0.56±0.12

AUHO

1.7

0.60

0.27

4.70±0.50

AU 3 09

2.2

0.89

0.18

8.70±0.70

AU 8 07

2.9

1.40

0.12

17.50tl.50

AU2406

4.0

2.40

0.07

34.80±0.90

AU4033

4.9

3.42

0.05

40.90±2.60

Figure 4-19 shows that there was a good linear correlation between KQ and MPC
capacitance

(CMPC),

suggesting that the quenching process is closely associated with the

capacitance of the electron acceptor (AuMPC). The core size dependence of KQ in Figure
4-9 can therefore be explained by the size dependent MPC capacitance. Interestingly, the
largest change (>8-fold) in KQ in Figure 4-17 is found between AU38 and

AUHO

although

their core size difference(0.6 nm) is similar or smaller than other size gaps.
In addition, Figure 4-19 reveals a significant negative deviation for Au3s; KQ is
about 9-fold smaller than that predicted by the KQ-CMPC correlation (Table 4-1). This may
reflect the size dependent opening of an energy gap at the Fermi level for molecule-like
MPCs. As revealed previously,55'

56

Au3& MPCs display a wide opening of an

electrochemical HOMO-LUMO (the highest occupied and lowest unoccupied molecular
orbitals) gap of 1.62 V. The charge transfer to the elevated LUMO of AU38 would thus be
energetically less facile, resulting in a significant decrease in quenching efficiency.
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Figure 4-19. Relationship between the quenching constant (KQ) and MPC capacitance
(CMPC) calculated from eq 4-19 for 1.1-4.9 nm diameter AuMPCs.

4-2-7. Tuning Energy Level of Electron Acceptor AuMPCs
The role of a metal (i.e. electron acceptor) associated with a semiconductor can
vary depending upon their oxidation state. An oxidized metal nanoparticle can be used
along with a semiconductor to enhance charge separation efficiency

of the

photogenerated semiconductor. AuMPCs cation can be prepared by chemical oxidation
method (section 4-1-7) and can be used to extend the lower Fermi energy level of the
AuMPCs. One of the interests is to examine the role of oxidized AuMPCs in promoting
conduction band charge transfer efficiency due to the larger energy gap between
conduction band of semiconductor(donor) and oxidized AuMPCs(acceptor).
As described in previous sections, it was demonstrated that photoinduced Ti02 is
capable of transferring electrons to Au nanoparticles and undergo Fermi level
equilibration in solution. More positive shifting of the energy level of the Au+2
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nanoparticles in the charge transfer and Fermi-level equilibration resulted in increased KQ
values as shown in Figure 4-20, Table 4-2.
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Figure 4-20. Corresponding Stern-Volmer plots and best fit lines of (+2) oxidized
AuMPCs.
Table 4-2. Calculated MPC acceptable number of electron (#e): equation 4-20,
que nching constants (KQ) for AuMP Cs and (+2) o xidized AulvfPCs.
AuMPC
#e
KQCK^M'1)
Au +2 MPC
#e
KQCK^MT 1 )
AU38

1.0

0.56

Au +2 38

3.0

1.1

AUHO

1.9

4.70

Au+2Ho

3.9

10.7

AU 3 09

2.8

8.70

Au + 2 309

4.8

20.5

AU 8 07

4.4

17.50

Au + 2 807

6.4

35.3

AU2406

7.5

34.80

A

AU

9.6

42.3

AU4033

10.7

40.90

AU+24Q33

12.6

49.3

+2

2406

171
Figure 4-20 shows that KQ is the Stern-Volmer quenching constant (Equation 4-6) for
collisional quenching in the presence Au MPCs.The KQ increases from 1.1X10° to
49.3X106 by more than 45-fold as core size increases from Au+238 to Au+24033. Since the
Fermi level equilibration exists between Ti02 and AuMPCs, it could be possible to probe
the charge transfer efficiency and distribution between them by tuning the energy level of
charge acceptor AuMPCs.
Apparently, the oxidized MPC makes larger energy gap between TiC>2(donor) and
MPC(acceptor), the larger thermodynamic driving force can make more effective charge
transfer to MPC. The oxidized MPC has higher capacitance

(CMPC)

than that of neutral

MPC and thus needs more electrons to raise its Fermi level.
Table 4-1 shows the predicted number of electrons to be added to MPC to equilibrate
with the exited TiC«2 from equation 4-20.
Number of electron = ^ ~

E

^

(4-20)

AV
where E'F is potential of TiCh conduction band (-0.5Vvs.NHE), Ep is open circuit voltage
(OCV) of MPC, and AV is charge potential of MPC.
All the oxidized MPC gave higher Stern-Volmer quenching constants (KQ) than
that of neutral MPC of the same core size. However, overall KQ increases 45-fold in the
oxidized MPC as core size increases from AU38 to AU4033. But it is smaller than neutral
MPC (70-fold). The reason for this is that the capacitance of oxidized MPC difference
between AU38 and AU4033 is smaller (4.2 fold) than neutral MPC (10.7 fold).
Furthermore, Figure 4-21 shows various oxidation states (0,+2,+4,+6,+8) at the
same capacitor AU4033MPCS. The quenching constant (KQ) increases with increasing
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oxidation state from 0 to +8 at the MPC. The consistent behaviors are shown in Figure 420.
Figure 4-22 shows that there is a good linear correlation between KQ and different
Fermi level energy of AU4033MPC, suggesting that the quenching process is closely
associated with the tuned AU4033MPC capacitance. These results support the fact that the
energy level tuned MPC(i.e., bigger MPC capacitor) gives higher charge transfer
efficiency.
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Figure 4-21. Corresponding Stern-Volmer plots and best fit lines of different oxidation
states of AU4033MPCS.
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Figure 4-22. Relationship between the quenching constant (KQ) and different Fermi level
ofAU4033MPC.

4-2-8. Modulation of the Fermi Level of n-Type Semiconductor
The Fermi level of semiconductor nanoparticles dictates the energetics of the
charge transfer process and distribution in the semiconductor-AuMPC system. The Fermi
level of an n-type semiconductor is determined by Equation 4-21.
EF=E+kTln-^-

(4-21)

where Ec is the conduction band energy level, nc is the density of net ionized states(or
accumulated electrons in this work), and N c is the density of states in the conduction band.
The position of the Fermi level that lies between the valance and conduction
bands is dependent on the electron accumulation within the conduction band of
semiconductor particles. Fewer electrons accumulate within the semiconductor
nanoparticle during a shorter photolysis time (30min). The absorbance increase of Ti02(e")
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in the absence AuMPC is proportional to the photolysis time. The Fermi level becomes
more positive and shifts closer to the valence-band edge. The Fermi level equilibration
can be modulated by the concentration of the conduction band electron in TiC>2.
The comparison of KQ values indicates the quenching efficiency varies with core
sizes. Also, the interesting factor to be noted is that with constant core size the KQ
efficiency varied with photolysis time. Thus the relative Fermi level change could be to
probed by comparing KQ values.
The results of KQ in Figure 4-23 were obtained by the short photolysis time of
TiC>2. The quenching constant (KQ) increases from 0.5X106 to 70.7X106 by more than
140-fold as core size increases from Au3g to AU4033. Apparently, the quenching constant
(KQ) of AU38 is not changed by the photolysis time, but shorter photolysis time (30min)
gave higher KQ values than that of longer photolysis time (60min) as exhibited by the
other core sizes as shown in Figure 4-24.
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Figure 4-23. Corresponding Stern-Volmer plots and best fit lines.

175

C M Pc( a F )

Figure 4-24. Relationship between the quenching constant (KQ) and MPC capacitance
(CMPC) in different photolysis time Ti0 2 for 1.1-4.9 ran diameter AuMPCs.
Based on the absorption of conduction band electrons of T1O2 and Equation 4-21,
the Fermi level shifts towards the positive direction when these is lower concentration of
conduction band electron in Ti02. Similarly the Fermi level moves towards negative
direction as the concentration of conduction band electrons increases. The electron
distribution between T1O2 and AuMPC attains relatively lower Fermi level equilibration.
Under these condition, the Fermi level at equilibrium shifts close to the valence band of
the T1O2. The fewer charge distribution and transfer to acceptor could make lower Fermi
level equilibration; the equilibrium will be reached relatively earlier when compared to
the event having higher concentration of conduction band electron. The shorter photolysis
time KQ values are larger than that of longer photolysis time.(Figure 4-25)
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Figure 4-25. Shift in Quasi-Fermi level induced by lower concentration of conduction
band electron in T1O2. EQ, and E'e represent Fermi levels attained in the
absence and the presence of AuMPCs equilibration by 30min photolysis,
Ef2, and E'e represent Fermi levels attained by 60min photolysis.
4-2-9. Conclusion
The charge transfer efficiency and Fermi energy level equilibration between
photoexcited TidCe") and AuMPC has been probed to elucidate photocatalytic activity in
different AuMPC core sizes. The absorbance of conduction band electron in TiC»2
decreased dramatically when the bigger size Au nanoparticles were introduced to the
deaerated Ti02(e") suspension.
The quenching constants (KQ) calculated from slopes in Stern-Volmer equation
exhibit a remarkable increase with increasing MPC core size; KQ increases from 5.6X105
to 4.1X107 by more than 70-fold as core size increases from AU38 to A114033 with a largest
increase from AU38 to Au^o. As described in chapter 2, Au3sMPCs display a wide
opening of an electrochemical HOMO-LUMO (the highest occupied and lowest
unoccupied molecular orbitals) gap of 1.62 V. The charge transfer to the elevated LUMO
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of AU38 would thus be energetically less facile, resulting in a significant decrease in
quenching efficiency.
The transfer of electrons to the metal continues until the Fermi level reaches close
to the conduction band edge of T1O2. The Fermi level equilibration occurs between TiC«2
and Au MPCs, the charge transfer and distribution between them should be related to the
capacitance of the charge acceptors.
To probe the charge transfer efficiency, AuMPCs were chemically oxidized to
Au+ MPCs to tune the capacitance of charge acceptor. Such a charge distribution
between the two systems has a direct influence on the energetics of the AuMPC. The
oxidized Au+2MPC in the same core size reflected in greater charge transfer efficiency
than neutral AuMPC.
On the other hand, based on the concentration (absorbance) of TiC>2 (e"), Fermi
level of the n-type semiconductor can be modulated. The Fermi level at lower
concentration of Ti02(e") can be relatively shifted positive to the higher concentration of
Ti02(e"). Under these condition, the Fermi level at equilibrium shifts close to the valence
band of the Ti02; the fewer charge distribution and transfer to acceptor could make the
lower Fermi level equilibrate, which gave relatively bigger KQ values than that of higher
concentrated Ti02(e")
The present study provides an explanation for the size dependent charge transfer
and distribution of Au nanoparticles in the TiCVAu colloids. A better understanding of
the mediating role of metal nanoparticle is important for designing next generation
photocatalysts for light energy conversion.
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CHAPTERV
FUTURE WORK: CATALYSIS WITH MONOLAYER PROTECTED METAL
CLUSTERS FOR THE DECHLORINATION OF ORGANIC COMPOUNDS

5-1. Introduction
Organohalide pollutants are commonly found in ground water and have been
linked to serious health problems. In fact, about 44% of pollutants on the EPA's
contaminants candidate list are organohalides. Thus, organohalide removal, or
degradation to benign products, represents a major environmental challenge.
Photocatalytic oxidation or reduction is a potential method for the treatment of
organic environmental contaminants, which has received significant interest and research.
It is an attractive method because, 1) the photocatalyst should not further contaminate the
environmental system, 2) natural sunlight would serve as the source of energy to initiate
the photocatalysis process, and 3) the method has the potential to be a low cost in situ
remediation technique.
Photocatalysis was shown to be an effective removal method for organic
contaminants as early as 1993 and has subsequently been confirmed by multiple studies.1"
3

Photocatalytic degradation reactions of an organic compound consist of a series of

electron and hole transfers on illuminated Ti02 surface, and their mechanism is very
complex in general.4 Understanding the detailed mechanistic pathways of photocatalytic
reactions is critically important not only for advancing scientific knowledge about this
valuable process but also for its practical application to remediation of polluted water and
air. Even though the photocatalytic reaction mechanisms have been extensively studied
for a variety of substrates, the current level of understanding is still far from complete.4'5
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In this study, we selected trichloroethene (TCE) as a model compound to
investigate its AuMPCs mediated Ti02 photocatalytic degradation. The calculated TON
in TCE by the well defined AuMPC mediated photoreduction catalytic reactivity will be
described in terms of AuMPCs core size dependence.

5-2. AuMPCs Mediated Photocatalytic Reduction of C60
The Fullerene is a useful redox probe material in terms of absorption monitoring.
Reduced C 60 formed during one step electron transfer from electron donor TiC^Ce") is
monitored from its absorption change at 1075 nm. (Equation 5-1),
Ti02 (e) + C60 - • Ti02 + C'6o

(5-1)

It is expected that the addition of AuMPC into the photoinduced TiC*2 should lead
to a charge equilibration between TiC«2(e") and AuMPC nanoparticles. The reduced
AuMPC will become a more catalytic active species for further reduction. The spectra a
and b in Figure 5-1 were recorded before and after the addition of Au nanoparticles to the
photoinduced TiCh suspension.
As discussed in the previous chapter IV, the decreased blue coloration shows
transfer of electrons to Au nanoparticles. Addition of a Ceo solution to the equilibrated
suspension of TiCVAuMPC (the solution corresponding to spectrum b) results in the
formation of Ceo- This is indicated by the formation of a peak at 1075 nm. The
absorption at 1075 nm increases with increasing concentration of Ceo- (spectra c-d in
Figure 5-1)
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It is assumed that the electron transfer pathway could be from photoinduced Ti02(e")to
AuMPC, which further reduced C6o to produce C 60 in the photocatalysis; AuMPCs play
an electron shuttle redox mediate role in this photoreduction system. (Figure 5-2)
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Figure 5-1. (a) Absorbance of photoinduced Ti02(e"), (b) in the presence of AuMPC:
Ti0 2 (e>AuMPC, and (c) TiO2(e")-AuMPC-C60 reduction reaction.

C2H5OH

Figure 5-2. Photoinduced electron transfer pathway in T1O2 (e")-AuMPC-C6o reduction
reaction.6
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5-3. AuMPC Mediated Photocatalysis for Dechlorination of Organic Compounds
To investigate AuMPCs mediated photocatalytic activity, the photoreduction of a
model organic contaminant, trichloroethylene(TCE) was used.
Figure 5-3 shows that the TiC^Ce") absorbance decreased to 0.29 from 0.40 within 90min
in the presence of TCE. In contrast, under the same conditions, the TiChCe") absorbance
decreased by 0.18 in the presence of A114033MPC.
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Figure 5-3. Absorbance of Ti02(e") decreasing in TCE.(a) in the absence of AuMPC, (b)
in the presence of AU4033.

The spectral changes are consistent with at least two mechanistic pathways: (1) a
AuMPC mediated reduction; or (2) reduction first by Ti02(e~) and then by AuMPC/Ti02.
The first pathway requires that the Ti02(e~) charge transfer to AuMPC until it reaches
Fermi level equilibration and then electron charged AuMPC can further reduce TCE. The
latter pathway requires rapid reduction of TCE by the Ti02(e~) alone.
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Comparative studies with TiC>2(e") in the absence of AuMPC was investigated.
The TiC«2(e") gave slower absorbance change than that in the presence of AuMPCs in
Figure 5-3. AuMPC mediated photoreduction may improve the the TCE reduction
photocatalysis.
In order to compare size dependence of AuMPCs catalytic activity, different core
sizes of AuMPC mediated photoreduction in the presence TCE was performed. The
absorbance changes with respect to the different core sizes of AuMPCs concentration in
TCE photocatalysis was shown in Figure 5-4. For the core size dependence study of
AuMPCs, the experimental condition of TiCh colloid solution and TCE used are all same.
Figure 5-4 shows the decrease in 630nm absorbance with increasing concentration
of AuMPCs. For any given AuMPCs concentration, the decrease in 630 nm absorbance is
smaller for small core size gold nanoparticles such as AU38, Au^o, and AU309. For bigger
size particles(i.e.,Au807,Au4033) the absorbance shows a greater change at the same
wavelength. This indicated that Au4033(4.9nm) nanoparticle used more electrons in the
TCE reduction reaction, indicating that larger capacitor AuMPC will accept more electrons
from Ti02(e") than that of smaller capacitors. Thus the accumulated electrons in
AU4033MPCS give more effective TCE reduction reaction.
In a related study, Meyer and co-workers have shown that TCE reduction by
hemes anchored to TiC>27 Ti02(e") alone showed measurable reactivity with the aryl
halides but none with TCE. The reason for the result is that the TCE reduction reaction
occurred by multi electron transfer in the photocatalysis system.

187

0.45
0.40 h

ft
0.35

• •

0.30

f

• :
• :

0.25 h

v i a .

'

|

!

1(a)

0.20 h

0.15 h

0.10

• (d)
0.000

0.005

0.010

0.015

0.020

0.025

0.030

[Au MPC nM]

Figure 5-4. Concentration of Ti02(e") decreasing in the TCE presence, (a) in the presence
of Au38(a), AuuoO), Au309(c), Au8o7(d), and Au4033(e).
To determine AuMPC/Ti02(e") catalytic activity for TCE photoreduction, the
concentration of TCE was monitored using GC/MS with internal standard. After the TCE
photocatalysis, the remaining TCE was collected by vacuum trap isolation to inject
GC/MS.
Figure 5-5 shows remaining amount of TCE after the photocatalysis by using
different core sizes of AuMPC in Ti02(e"). The peak area of TCE remaining was reduced
at bigger core size of AuMPC mediated photocatalysis. The turnover number is
calculated based on the peak area ratio between remaining TCE and internal standard.
The increasing TON in TCE using the AU4033MPC is more dramatic than the smaller core
size AuMPC, indicating the size dependent AuMPC catalytic activity.(Figure 5-6)
In addition, TCE reduction reaction requires multi electron transfer reaction.7 As
described in chapter 2, the electronic structure of Au3g(l.lnm) showed molecule like
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behavior, and electrochemical measurement of Aui4o(1.6nm) presented single electron
transfer metallic behaviors. It could be assumed that the bigger core sizes of AuMPC
could be used for multi electron transfer for TCE reduction.
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Figure 5-5. GC/MS analysis after photocatalysis by using different core sizes of AuMPC
in TiC<2(e"), the peak(a) internal standard, and (b),(c),(d) remain amount of
TCE.

Figure 5-6. Photoreductive decomposition of TCE turnover number(TON) using
different core sizes from 4.9nm to 1 .lnm AuMPC mediated in Ti02 colloids.
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The core size dependence of TON in Figure 5-6 can be explained by the size dependent
MPC catalytic activity; the multi electron transfer would be available to remediate TCE
resulting in accelerated photoreduction. Such data are most consistent with AuMPCmediated TCE reduction and suggest cooperativity between AuMPC and the
semiconductor conduction band electrons.

5-4. Conclusion
Valence band holes are known to irreversibly oxidize ethanol that allows the
concentration of TiC»2(e") to build up under steady-state photolysis. By carrying out
sequential electron transfer from Ti02(e") via AuMPC

to Ceo for reduced C^o, the

individual charge transfer steps dictate a photocatalytic process.
We used AuMPC mediated TiC>2 photocatalysis model to study unexplained
photocatalytic properties of nanosize AuMPCs for TCE remediation. The absorbance of
Ti02(e") decreased to 0.18 and 0.29 with TCE in the presence of AU4033MPC, in the
absence of AuMPC respectively. Although it is not clear immediately to prove the
electron transfer pathway, I proposed that the spectral changes are consistent with the
AuMPC mediated reduction reaction mechanism pathway.
The TON was calculated based on the monitoring concentration of TCE using
GC/MS with internal standard to compare catalytic efficiency. The increasing TON in
TCE using the Au4033MPC(4.9nm) mediator was more dramatic than the smaller core size
AuMPC, indicating that the catalytic activity depends on particularly the core size of
AuMPCs.
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These results indicate that the photocatalytic activity may be enhanced by bigger
core AuMPCs mediated system due to the multi electron transfer for TCE reduction
reaction.
A significant challenge in the photochemical sciences is to identify assemblies
that can store and transfer multiple electrons to a substrate when illuminated with light.
Multi-electron transfer (MET) processes avoid high energy free radical intermediates and
can yield desired reaction products under mild conditions.

5-5. Suggestions for Future Studies
An unexpected

synergy between the catalysts

and the

semiconductor

nanoparticlcs was discovered. Photoreduction of TCE reactivity was greater for
catalyst/semiconductor materials than for the semiconductor alone. This behavior was
explained, at least in this work, by more favorable energetics for organohalide reduction
by Au nanoparticle mediator. MET processes avoid high energy free radical
intermediates and can yield desired reaction products under environmentally significant
conditions. In future study, supporting evidence for multi electron transfer(MET)
reactivity at the AuMPC-semiconductor could be found. Insights into the dechlorination
reaction

mechanisms

and

final

product will be

gained

from

spectroscopic,

electrochemical, and mass spectroscopy studies. The other reactions would also be found
to be enhanced significantly when excess electrons are present in the TiC>2 nanoparticles.
A long term goal of this study is to utilize MET processes with various core sizes
of Au nanoparticle catalysts and semiconductor materials that are highly tuned to
selectively react with specific pollutants to yield desired reaction products. Well-defined
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AuMPC catalysts anchored to mesoporous nanocrystalline (anatase) Ti02 thin films will
be studied for organohalide pollutants (CCI4, CHCI3, and trichloroethylene) in both water
and methanol.

192
5-6. References
1.
2.

3.

4.

5.
6.

7.

J. Moon; C.Y. Yun; K.W. Chung; M.S. Kang; J. Yi, Photocatalytic activation of
Ti02 under visible light using Acid Red 44. Catal. Today 2003, 87, 77.
J. Fan; Jr., J. T. Y., Mechanism of Photooxidation of Trichloroethylene on Ti02:
Detection of Intermediates by Infrared Spectroscopy J. Am. Chem. Soc. 1996,118,
4686.
W. Choi; S.J. Hong; Y. Chang; Cho, Y., Photocatalytic Degradation of
Polychlorinated Dibenzo-p-dioxins on Ti02 Film under UV or Solar Light
Irradiation Environ. Sci. Technol. 2000, 34, 4810.
Michael R. Hoffmann; Scot T. Martin; Wonyong Choi; Bahnemann, D. W.,
Environmental Applications of Semiconductor Photocatalysis Chem. Rev 1995,
95, 69.
Lee, H.; Choi, W., Photocatalytic Oxidation of Arsenite in T102 Suspension:
Kinetics and Mechanisms EnViron. Sci. Technol. 2002, 36, 3872.
Subramanian, V.; Wolf, E. E.; Kamat, P. V., Catalysis with Ti02/Gold
Nanocomposites. Effect of Metal Particle Size on the Fermi Level Equilibration J
Am. Chem. Soc. 2004,126, 4943.
Obare, S. O.; Ito, T.; Meyer, G. J., Multi-Electron Transfer from HemeFunctionalized Nanocrystalline Ti02 to Organohalide Pollutants J. Am. Chem.
Soc. 2006,128, 712.

